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The growing interests of mankind towards offshore activities in order to 
colonize the ocean mostly for space, food and energy, with more innovative 
ideas and greater challenges than before are increasingly driving the research 
towards greater height. Safe operation of offshore crane vessel is an integral 
part of all offshore activities starting from transportation, installation, 
maintenance and salvaging of various offshore structures. The stability of the 
floating crane in such situations is of outmost importance as it operates at sea 
and determination of the critical ranges of its operating conditions are quite 
essential as well, especially during the assembly of costly structures such as 
subsea devices. Moreover, for heavy duty lifting, the operations of crane ship 
in waves, even as the sea is relatively quiet, are often restricted by the 
unexpected and excessive motions of the payload underwater. Such 
disturbances of the system, which might arise during crane ship operations due 
to difficulties in positioning the submerged objects being handled accurately, 
can cause the collision between the load and the ship or other objects and thus 
cause loss of valuable asset and time.  
The current research focuses on providing an insight of the entire process of 
offshore installation via the evaluation of hydrodynamic performances of a 
crane barge and its payload in water waves. The main attention is given 
towards the comprehensive analysis of submerged cylindrical payload 
behavior and the fully nonlinear three dimensional time domain approach is 
used to solve the problem as this method is capable of handling the full 
nonlinearity compared to the frequency domain approach. The study is divided 
into several parts. At the beginning, a numerical model is developed to 
analyze the hydrodynamic performance of a submerged payload and validated 
against existing studies. The nonlinear wave radiation by a fully submerged 
vertical circular cylinder undergoing various forced sinusoidal motions in 
otherwise still water is simulated using this model and the response of the 
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submerged cylinder is found to be dominated by the heave amplitude motion 
in most of the cases.  
The next part of the research includes the investigation of the hydrodynamic 
feature of a submerged vertical cylindrical payload attached to a cable for 
constrained motions and moving towards the seabed at a constant speed in 
water waves. The crane barge itself is then simulated in various wave 
conditons and the simulation results are compared with published data for 
single floating barge. Finally, the submerged payload and floating crane barge 
problems are coupled and the combined analysis is performed for different 
physical conditions, for example fixed barge and fixed payload in head sea 
and beam sea, fixed barge and moving payload in head sea and beam sea etc. 
In each situation, comprehensive parametric studies are performed to 
understand the characteristics of the coupled system from the hydrodynamic 
point of view. It is found that, generally the moment acting on the cylinder 
increases with the increase of cable length irrespective of the various scenarios 
considered. Besides, phenomenal influence of shielding is observed in cable 
tension and angular motion of the payload in terms of slow varying low 
frequency responses for head sea and the beam sea scenarios. The payload in 
upstream beam sea case is also found to be facing a very large mean drift 
motion which arises because of the shielding effect as well. A further finding 
of this study is the influence of low frequency on cylinder motion exists even 
after the cylinder moves towards a deeper position equals to its length. 
Overall, the study carried out in this thesis generates the understanding on the 
dynamic behaviour of the submerged payload of a crane barge. The results of 
the analysis can be used for safety considerations during the offshore 
installation process and would be beneficial to the researcher working on 
designing active damping devices to extend the operating range of crane ships 
by means of controlling the motion of the submerged payload. 
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Chapter 1: Introduction 
This chapter introduces the background of the current study at first, followed 
by the description of offshore crane vessels as well as various steps involved 
in a typical offshore installation process. Literature reviews related to 
hydrodynamic analysis of offshore crane vessel and its submerged payload 
(the structure to be lifted with the crane, for example, subsea devices) are then 
presented. Finally, the objective and scope of the study are stated along with 
the layout of the thesis afterwards in order to assist the reading.  
 
1.1 Background 
In recent years, with the advancement of technological innovations, ‘Offshore 
Installation’ is becoming an increasingly important issue as people are now 
turning towards the oceans for a number of reasons. For examples, spread over 
70 percent of the Earth, the ocean provides a mean to alleviate demands on 
coastal land pressure; land scarcity; produce oil and gas; avail renewable 
energy sources and new materials; increase food production and even to store 
carbon dioxide in order to mitigate global warming (Wang et al., 2008). 
Special offshore structures required for these purposes are always built 
onshore and then transported to the desired offshore location for assembly and 
installation. Therefore, as an integral part of almost all of these offshore 
activities, research on offshore lifting and installation process has become 
inevitable in the area offshore engineering. The ultimate target of installation 
activities is to place the offshore structure into the desired place accurately. 
Such proper placement and installation of the structure is of outmost important 
in offshore field, which can only be achieved via a proper synchronization 
among the movement of the installation vessel, the cranes and the submerged 
payload.  
However, the task is quite challenging because of the constantly varying sea 
environment which consists of highly nonlinear waves, currents and winds. 
The complex interaction between the installation vessel and the harsh sea 
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environments is one complicated problem. In addition, the presence of 
submerged payload and its unpredicted responses may make the situation even 
worse. In such a complex state it is very challenging to ensure no unexpected 
movement of the submerged payload during the installation. The sudden 
movement may cause impact between payload and vessel and in turn can 
cause damage to both the vessel and payload.  
Therefore, the entire process of offshore installation involves high risk of both 
asset and time loss. However, critical analysis of such a multi-body wave 
interaction problem still remains a challenge (especially from hydrodynamics 
point of view) mostly because of the complexity of the system. Generally, 
with the presence of such multiple bodies, the interaction mechanism becomes 
far more complicated, which is not a simple supposition of the solutions for 
equivalent number of isolated body. Hence, selection of appropriate numerical 
tools to solve this complicated problem is very crucial. As understandable, the 
simulation of installation process is a time varying problem and involves wave 
interaction with a constantly moving body. So, the adoption of traditional 
frequency domain analysis to solve this problem might not be appropriate for 
obtaining accurate results, because the simple Taylor series expansion 
involved in the frequency domain analysis that expresses the body surface to 
the mean body position will not be applicable. Here the body (payload) 
experiences a very large motion when it moves downward from near the free 
surface to the seabed.  
Considering the situation, a fully nonlinear time domain numerical model is 
adopted in present study which is capable of overcoming the above mentioned 
difficulties. As will be seen in forthcoming literature review section and to the 
best of author’s knowledge, fully nonlinear three-dimensional model for the 
hydrodynamic analysis of coupled floating and submerged structure have not 
yet been published in the open literature. Moreover, the predominant method 
applied to solve the wave-structure interaction problem in offshore industry is 
the linear wave theory developed by Newman (1977) and one of the most 
popular software applying this linear theory is the WAMIT (Lee, 1995). 
Although the new version of WAMIT has the second-order wave option; 
however, the software based on frequency domain and Taylor series expansion 
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may encounter problems or generate unrealistic results, especially in such 
cases when strong nonlinearity may appear and body with large displacement 
is considered.  
Thus, comprehensive understanding of wave interaction with multi-body 
systems requires time domain analysis.  In addition, the nonlinearity appearing 
from the fluid-structure interaction in such case could also be important in 
order to predict the wave elevation, wave force and body response within the 
system. Performing a fully nonlinear time domain hydrodynamic analysis of 
the installation process therefore, will help to understand and assess the 
behavior of submerged payload and crane barge and to provide novel 
(methods or anti-motion devices / motion stabilizers) solution for controlling 
the underwater movement of payload.  
 
1.2 Offshore crane vessel 
By definition, a crane vessel, crane ship, crane barge or floating crane is a ship 
with a crane specialized in lifting heavy loads in offshore areas. In coastal 
regions crane barges are common for lift operations and in offshore 
engineering larger crane ships or semisubmersibles can be found. All these 
specialized ships are mainly used for transportation, construction of large 
offshore structures and for salvage operations.  
The history of crane vessels goes back to as early as the 14
th
 century (Matheus, 
2001). At that time a special type of vessel known as ‘Sheer Hulk’ (a ship that 
is afloat, but incapable of going to sea) was used extensively as a floating 
crane for tasks that required heavy lift. During that age, the heaviest single 
components of ships were the main masts, and sheer hulks were essential for 
removing and replacing them, but they were also used for other purposes. 
The first crane ship similar to present days was found to be built in 1920 (as 
shown in Figure 1.1); the 1898-built battleship ‘USS Kearsarge (BB-5)’ was 
converted to a crane ship at that year by installing a crane with a capacity of 
250 tons in it. Later it was renamed Crane Ship No. 1 (Popular science, 1931). 
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It was used, amongst other things, to place guns and other heavy items on 
battle ships under construction. After that, several crane ships were built to 
fulfill various purposes along the years. However, in 1949, J. Ray McDermott 
(offshore service provider) built the ‘Derrick Barge 4’, a barge that was 
outfitted with a 150 tons revolving crane. The arrival of this type of vessel 
changed the direction of the offshore construction industry and the era of 




Figure 1.1 Crane Ship No. 1 built in 1920 (Popular science, 1931) 
 
Around a decade later, in 1963, Heerema (offshore service provider) converted 
a Norwegian tanker, ‘the Sunnaas’ into a crane vessel with a capacity of 300 
tons, the first crane vessel in the offshore industry that was ship-shaped and 
was renamed later as ‘Global Adventurer’. This type of crane vessel was better 
adapted to the harsh environment of the North Sea. Later in 1978, Heerema 
built two semi-submersible crane vessels the Hermod and the Balder, each of 
these vessel was equipped with two crane having capacity of 2000 ton and 
3000 ton respectively. This semi-submersible type of crane vessel was much 
less sensitive to sea swell, so that it was possible to operate on the North Sea 
during the winter months. The high stability also allowed for heavier lifts than 
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was possible with a monohull and the larger capacity of the cranes reduced the 
installation time of a platform from a whole season to a few weeks. 
Now a day, with the advancement of technology the crane vessels are 
becoming more powerful. ‘Thialf’ is the largest crane vessel of the world at 
this moment, which is capable of lifting 14,200 tons of payload. Crane vessels 
are now available in various sizes and shapes, for example, monohull, semi-
submersible, catamaran (Figure 1.2) and also categorized in different types 
based on the tasks to be performed. 
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1.3 Subsea structure installation process 
Most subsea structures are built onshore and transported to the offshore 
installation site. Subsea structures are normally transported from onshore to 
the offshore installation site by a transportation barge. Once at the offshore 
installation site, the subsea structure is transferred from the transportation 
barge to the desired place using the crane vessel. A typical subsea structure 
installation procedure normally includes the following steps (Bai and Bai, 
2010): 
 Load-out and sea-fastening 
 Transportation 
 Site survey 
 Deployment, typically including over boarding, splash zone lowering, 
mid water lowering, landing and positioning & setting (Figure 1.3) 
 As-built survey.  
 
Among these steps, ‘deployment’ is the most critical stage of a subsea 
installation process.  In this step, the vessel needs to maintain its position 
steadily so that the subsea hardware can be placed onto the target foundation 
with the required accuracy. This placing/positioning operation is consists of 
two main phases - surface positioning and subsea positioning.  
 
Surface Positioning: Surface positioning or vessel positioning refers to 
maintaining the vessel at the correct position at all times during installation. It 
is the first step of subsea system installation because it brings the hardware to 
be installed near its ultimate aiming position. A surface positioning system can 
be further divided into these components 
 Power system: supplying power to all of the following systems 
 Position reference system: normally using Differential Global 
Positioning System (DGPS), a hydro acoustic measuring system such 
as Ultra-short baseline (USBL), Short Baseline (SBL) and Long 
Baseline (LBL), and a taut wire system 
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 Controlling system; 
 Station-keeping system such as a mooring system including anchor 
gear, anchor lines, and anchors for positioning  or a thruster system for 
dynamic positioning  
 
Subsea Positioning: Once the surface vessel has been positioned, subsea 
hardware is now deployed from the vessel through water to the target location. 
This step is the part of subsea positioning. Subsea positioning refers to 
monitoring and controlling of the equipment underwater relative to the 
installation vessel and seabed target area throughout the process of lowering 
the equipment through the water and landing or locking. During the lowering 
and landing process, the hardware is tracked with a hydro acoustic unit (for 
example, transponder) for position measuring and a gyrocompass (along with 
Remotely Operated Vehicle (ROV)) for inclination detection (roll, pitch, and 
heading), which were tied to the hardware on board before lowering.  
 
 
Figure 1.3 Sketch of analysis steps for typical subsea structure (Bai and Bai, 
2010) 
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Generally, two methods are widely used for subsea hardware installation: the 
guideline (GL) method and the guideline-less (GLL) method. The GL method 
uses guidelines (normally four tensioned wires) to deploy subsea hardware to 
the seabed. The subsea positioning for this method is quite convenient, but has 
been limited by the guidelines. Furthermore, it is time consuming and quite 
expensive for deep-water installations. The GLL method deploys subsea 
hardware in deep-water without guidelines. The subsea positioning for this 
method is relatively complex for hardware landing and requires limited 
installed tolerance such as inclination and position bias in the x and y 
directions. It also requires heavy structures on all equipment to be in the 
proper orientation. The hardware heave motion should be strictly limited 
during its landing process, therefore active or passive heave compensator 
systems have been introduced into the lifting system of installation vessels 
used for subsea deployment (Bai and Bai, 2010). Once all these steps are 
finished, the structure (payload) finally reaches its destination and the 
installation process comes to an end. 
As can be seen from the brief description presented above, the offshore 
installation is a complex hydrodynamic process and is subjected to combined 
interactions among sea, vessel, crane and payloads. Here, the dynamics of 
crane vessels and submerged payload are influenced by nonlinearities in the 
kinematic coupling between the hull and the load, the fluid-structure 
interaction and the mooring forces. When excited by waves the resulting 
motion exhibits various kinds of nonlinear phenomena from periodic response 
to chaotic behavior. Moreover, qualitative changes in the system’s dynamics 
also arise as parameters are altered. Some of these changes can be considered 
as critical with respect to the vessel’s safety and its operating limits.  
Therefore, critical investigation of hydrodynamic performances of an offshore 
crane vessel along with its payload is very important in order to predict its 
behavior more accurately under various environmental and loading conditions 
that it may operate in. 
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1.4 Literature Review 
The fully nonlinear numerical simulation of hydrodynamic performances of 
crane barge and its submerged payload, which is the main concern of present 
investigation, is in fact a particular type of ‘wave-structure interaction 
problem’.  This nonlinear wave-structure interaction has always been the long-
standing problem of hydrodynamics which has been studied analytically, 
experimentally and numerically by many scientists from various points of 
view (Isaacson and Cheung, 1992; Huseby and Grue, 2000; Bai and Eatock 
Taylor, 2006). From the context of present investigation, the problem of wave-
structure interaction might be divided into three main categories: wave-
structure interaction of surface piercing bodies, wave-structure interaction of 
fully submerged bodies and a combination of both scenarios. The first two 
categories is again subjected to various situations, for example, a body moving 
at a prescribed manner in calm water, in which case the body's motion-induced 
nonlinear force is of interest; a body fixed or freely floating in nonlinear 
waves, in which case the nonlinear wave load is to be computed; the 
combination of the foregoing two cases, namely the nonlinear load on a 
structure moving at a prescribed mode or induced by nonlinear incident waves. 
The analysis of crane barge with submerged payload involves investigation of 
several above mentioned situations. Therefore, a brief review about the recent 
advancements in these fields will be worthwhile as a background of present 
study. Following this fact, the developments accomplished in the analysis of 
both surface piercing and fully submerged structures are described in sections 
1.4.1-1.4.2 at first, followed by a comprehensive literature review on offshore 
lifting and installation process which involves combined application of former 
two sections. 
 
1.4.1 Wave-structure interactions of surface piercing bodies 
 
Generally, two main approaches have been found in literature in order to 
simulate the wave-structure interaction problem of surface piercing bodies. 
These are frequency domain method and time domain method. Both of these 
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techniques have been used for many years to investigate first order and second 
order wave diffraction problems (Molin, 1979; Eatock Taylor and Hung, 1987; 
Kim and Yue, 1989; Wu and Eatock Taylor, 1990; Isaacson and Cheung, 
1992; Kim et al., 1997). However, these earlier studies have restricted 
applicability, because water waves are fully nonlinear and unsteady in nature. 
As a result, with the rapid growth of computing power in recent days, new 
methods have been developed and applied to deal with fully non-linear wave-
structure interaction problems. At the same time, the time domain approach 
gradually became more popular over the traditional frequency domain 
approach, since the later technique is only suitable for weakly nonlinear waves 
simulation and become much more complex at higher order. Moreover, time 
domain simulation provides time history of the results which allows better 
understanding about the behavior of the parameter under investigation, 
especially when the response of that parameter is non-periodic. 
The most widely used fully nonlinear time domain method; however, is the 
Mixed Eulerian-Lagrangian (MEL) time stepping technique introduced by 
Longuet-Higgins and Cokelet (1976). By this method, the fully nonlinear 
boundary conditions can be satisﬁed on the instantaneous free water and body 
surfaces. The unknowns are distributed on the boundary of the whole 
computational domain, and a new linear equation system must be generated 
and solved at each time step, since the free surface (and the body surface if it 
is not ﬁxed) moves to new positions. Recent applications of this approach to 
simulate nonlinear wave diffraction include Ma et al. (2001), Turnbull et al. 
(2003) and Wu and Hu (2004), who developed numerical wave tanks based on 
the ﬁnite element model. The alternative boundary element method was used 
by Contento (2000) and Koo and Kim (2004), for simulations in a two-
dimensional wave tank, and by Ferrant et al. (2003) and Bai and Eatock 
Taylor (2007) for three-dimensional simulations of the diffraction problem. In 
addition, Grilli et al. (2001) and Xue et al. (2001) used the higher-order 
boundary element method to investigate three-dimensional overturning waves 
in a numerical wave tank. The nonlinear wave radiation by moving bodies has 
also been investigated by many researchers. For example, Isaacson and Ng 
(1993) investigated the second order radiation problem for the forced motions 
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of a truncated cylinder. Maiti and Sen (2001) have obtained the two 
dimensional results for vertical structures undergoing forced motions, 
whereas, Hu et al. (2002) calculated the radiated wave field around translating 
three-dimensional structures and Bai and Eatock Taylor (2006) investigated 
the problem of fully nonlinear wave radiation around three-dimensional (3D) 
surface piercing structures using the ﬁnite element method and higher order 
boundary element method respectively. 
A considerable amount of research has also been devoted to simulate the 
interaction of waves with floating bodies (i.e. arbitrary moving bodies). For 
example, in two dimension, Contento (2000) and Koo and Kim (2004) have 
calculated the nonlinear response of floating bodies due to wave, Liaw et al. 
(1993) simulated the heave excited rolling motion of a rectangular vessel, 
Wang and Wu (2006) have investigated the wave diffraction and radiation by 
ﬂared structures and Kral and Kreuzer (1999) developed a two dimensional 
multi-body system for analysis of floating structures. Similar types of work 
(Wang et al., 2005; Fang and Chen, 2006; Kara et al., 2007; Wang et al., 
2007; Bai and Eatock Taylor, 2009) has been done for three dimensional cases 
as well. Beside these, coupled dynamic analysis of moored floating bodies has 
also been investigated by Tahar and kim (2008) and Ma and Yan (2009).  
It is important to mention here that, most of the above works either applied 
Boundary Element Method (BEM) or Finite Element Method (FEM) to 
investigate the wave-structure interaction problem. The BEM, however, 
compared to other volume discretized numerical methods (namely FEM), has 
some distinct advantages. For example, re-meshing can be done in a much 
easier way when BEM is applied instead of other methods; specially, while the 
body motion has rotational components. Application of BEM also allows 
convenient numerical modeling of arbitrary complex bodies moving with six 
degrees of freedom. The calculation of the velocities of grid points and the 
determination of the intersections of free water and solid surfaces become 
convenient as well due to the implementation of this method. 
Against these, for cases where three dimensional nonlinear simulations have to 
be performed in a long tank, the storage requirement of a boundary element 
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model may well exceed that of an equivalent ﬁnite element model, as 
discussed by Wu and Eatock Taylor (1995). This disadvantage, however, may 
be overcome by the use of domain decomposition, as demonstrated by Bai and 
Eatock Taylor (2007, 2009). Based on these facts, in order to solve the 
problem of present investigation (i.e. to model the floating carne barge and 
submerged payload), BEM is applied in conjunction with few other special 
techniques to attain the full advantages of this method. 
 
1.4.2 Numerical simulation of fully submerged bodies 
 
Similar to the surface piercing structures, the study of submerged bodies has 
also received considerable attraction for many years and several papers have 
been dedicated to the analytical and experimental study of the hydrodynamic 
response of such submerged structures. 
Among them, the interaction between gravity monochromatic waves and a 
fixed submerged horizontal circular cylinder, with its axis parallel to the crests 
of the incident wave, was first studied by Dean (1948), using a linearized  
potential theory and the conformal mapping technique. In that study Dean 
showed that, to the first order there is no reflection of incident waves by the 
circular cylinder, and that transmitted waves only undergo a phase shift when 
passing the obstacle. Later, Ursell (1950) obtained the complete linear solution 
and reproduced Dean’s conclusions. Ogilvie (1963) and Mehlum (1980) had 
also confirmed and extended the work by Dean (1948) on the diffraction 
problem. The work of Ursell (1950) and Ogilvie (1963) also investigated the 
wave radiation problem for a circular cylinder in forced oscillations and 
showed that it is possible to absorb all the power in a sinusoidal wave, by 
forcing a cylinder to move in a circular path. 
The first experimental study related to this phenomenon was undertaken by 
Chaplin (1984) in order to calculate the nonlinear forces and the nonlinear 
features of the reflected and transmitted waves originated by a fixed 
submerged horizontal cylinder. His study revealed the nonlinear components 
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of these forces with frequencies up to 3 times the fundamental wave 
frequency. 
Since then, analysis of hydrodynamic performances of submerged bodies 
become increasingly important with the growing interest in offshore activities, 
especially in using ocean wave energy which involves wave induced motion 
of oscillating submerged bodies. Consequently, a number of numerical studies 
have been performed (Vada, 1987; Tyvand, 1992; Wu, 1993; Lee et al., 1994; 
Wu and Eatock Taylor, 1995; Porter, 2002; Makarenko, 2003; Kent and Choi, 
2007). Among those, Vada (1987) used an integral equation method based on 
Green’s theorem to solve the second order wave diffraction problem for a 
submerged cylinder of arbitrary shape.  His results were in good agreement 
with Ogilvie’s (1963) and Chaplin’s (1984) results. After that Wu (1993) 
formulated a mathematical model to calculate the forces exerted on a 
submerged cylinder undergoing large-amplitude motions. In his investigation, 
the body-surface condition is satisfied on its instantaneous position while the 
free surface condition is linearized. The solution for the potential is expressed 
in terms of a multiple expansion. In particular, Wu obtained results for a 
circular cylinder in prescribed motion in a wave field: purely vertical motion 
and clock-wise circular motion. Such studies were later used to validate results 
of numerical models based on potential flow theory (for example, by Kent and 
Choi (2007)). Later, Porter (2002) applied a Galerkin numerical method to 
compute the reflection coefficient of totally submerged cylinders of arbitrary 
cross-section. His results showed that, there is no reflection from the cylinder 
in infinite depth, as shown by Dean (1948), however increasing reflection is 
observed as the finite depth decreases. In another study of similar kind, Ferrant 
(1991) reported a semi-nonlinear time domain model for the three dimensional 
wave radiation problem in which a fully submerged sphere was set to large 
amplitude periodic motion under the free surface and the free surface 
boundary conditions were linearized.  
In 2001 and 2003 respectively, Chaplin (2001) and Schønberg and Chaplin 
(2003) performed a more detailed experimental and numerical studies of the 
nonlinear wave interactions with a submerged horizontal cylinder. Following 
that, Koo et al. (2004) developed a two dimensional fully nonlinear numerical 
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wave flume based on potential theory, MEL time marching scheme and BEM. 
This scheme was applied to determine wave characteristics and wave loads on 
submerged single and dual cylinders. 
Among more recent studies, Conde et al. (2009) performed another 
experimental study in conjunction with numerical analysis to study the fully 
nonlinear behavior of two dimensional horizontal cylinder. After that, Guerber 
et al. (2010) extended  a two dimensional fully nonlinear potential flow 
numerical wave model to include a submerged horizontal cylinder, of arbitrary 
cross-section; the interaction between a free-surface ﬂow with surface tension 
and an approximately circular horizontal cylinder has been investigated by 
Moreira and Peregrine (2010); Yan et al. (2010) has investigated the fully 
nonlinear interaction between freak waves and two dimensional submerged 
cylinders and Bai et al. (2010) has studied the two dimensional submerged 
dikes interaction with viscous free surface waves using the Cartesian cut cell 
approach.  
As can be seen from above discussion, the analysis of fully submerged bodies 
has received noticeable attention both experimentally and numerically in 
recent years. However, these studies are mostly focused towards the analysis 
of either fixed or forced moving horizontal cylinder or sphere. It seems that 
not much study related to wave interaction with submerged bodies having 
some sorts of constrained motion (for example, attached to a rope or mooring 
lines) is published in open literature. There was a study performed back in 
1960 by Harleman and Shapiro (1960), they described the results of an 
analytical and experimental investigation into the dynamics of a buoyant 
sphere moored by a single line in shallow water. The problem was approached 
as a forced vibration problem where the sphere and mooring line acts as a 
spring mass system. It was found that the sphere motion and the mooring line 
forces are related to the sphere diameter, weight, submergence and the wave 
frequency, height and water depth.  
In recent times with the growing interest in wave energy harvesting, there has 
been a fair amount of research into motion analysis for underwater wave 
energy converter. Among those, very recently Crowley et al. (2013) presented 
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the design concept of a wave energy converter comprised a fully submerged 
buoyant circular cylinder tethered to the sea bed by a simple mooring system. 
Their purpose was to balance the theoretical capacity for power absorption 
against engineering design issues which plague many existing ‘Wave Energy 
Converter’ concepts. Hence, the main focus of that paper was to calculate the 
wave power and efficiency of the device rather than hydrodynamic analysis. 
 
1.4.3 Offshore lifting and installation 
 
Compared to the above studies of wave interaction with surface piercing and 
submerged structures, the investigation of floating crane’s operation at 
offshore has been of interest for many years as well. Different approaches for 
investigating the dynamics of crane vessels were found in literature (Schellin 
et al., 1989; Wouts et al., 1992; Witz, 1995; Clauss and Vannahme, 1999; 
Ellermann and Kreuzer, 1999). The theoretical, experimental, and numerical 
studies which have been documented in these contributions reflect the strong 
interest in offshore crane vessel dynamics. The analysis of offshore crane 
vessel can be largely divided in two main categories: structural analysis and 
hydrodynamic analysis. However, a combined analysis approach (combination 
of hydrodynamics and structural analysis) has also been found in some 
investigations (Al-Sweiti and Soffker, 2007; Ren et al., 2007). 
There exist considerable publications devoted to the analysis and control of 
undesired crane load motions from structural point of view (Patel et al., 1987; 
McCormick and Witz, 1993; Witz, 1995; Balachandran et al., 1999; Agostini 
et al., 2002; Abdel-Rahman and Nayfeh, 2003; Masoud et al., 2004; Al-Sweiti 
and Soffker, 2007; Ren et al., 2007; Cha et al., 2010). The common approach 
applied in many of these works (Patel et al., 1987; McCormick and Witz, 
1993; Witz, 1995; Balachandran et al., 1999) is that the excitation of the load 
is simply a prescribed motion of the pivot point of a hoisting rope. This 
assumption leads to a dynamical model with parametric excitation. The 
influence of the load on the motion of the vessel is also neglected in those 
works. Although such an approach may be justified for vessels in sheltered 
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basins and if the load to vessel ratio is very small, it is certainly not 
appropriate for large moored floating cranes operating offshore. The dynamics 
of such vessels is affected by strong coupling between vessel and load motions 
and depend on the characteristics of the mooring system. 
Nevertheless, the clear understanding of crane load motions and invention of 
proper methods to control unexpected movement of such crane loads are of 
outmost importance to ensure the safe operation of floating cranes. Some 
recent investigations (Agostini et al., 2002; Abdel-Rahman and Nayfeh, 2003; 
Masoud et al., 2004) have addressed this issue more precisely and have 
proposed enhanced control method to suppress the unsafe and large ship 
mounted cranes pendulous motion induced by sea waves. However, in the 
above mentioned investigations the ship cranes are considered as rigid body 
which may not be a realistic assumption. In order to deal with this issue 
particularly, Al-Sweiti and Soffker (2007) have developed a mathematical tool 
for modeling and control of elastic ship cranes which have the maryland 
rigging system. The study has been further extended by Ren et al .( 2007) to 
demonstrate the effect of lifting cable length, reeling and unreeling speed of 
cable and wave frequency on the dynamic response of cargo to be lifted. 
Whereas, Cha et al. (2010) have analyzed the problems from a different point 
of view and have performed a more rigorous numerical analysis to find 
nonlinear static and dynamic response of a floating crane and a heavy block 
that are connected using elastic booms and wire ropes. 
Apart from these purely structural analyses of offshore crane vessel, few 
linearized mathematical models have also been introduced to describe the 
dynamics of crane vessels from both structural and hydrodynamic point of 
view and within a wide range of operation conditions (Clauss and Riekert, 
1989; Schellin et al., 1989; Clauss and Riekert, 1990, 1992; Riekert, 1992). 
Among these models, Schellin et al. (1989) have used linearized analysis in 
the frequency domain to investigate the motion response of a shear-leg crane 
ship lifting a heavy load in regular head waves. The purpose of linearized 
analysis here is to identify Eigen frequencies and resonance ranges. On the 
other hand, a similar linearized mathematical model with six degrees of 
freedom was applied by Rickert (1992) to obtain transfer functions which 
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were subsequently compared to experimental results. Although this approach 
yields good results for small amplitudes of motion and nearly linear mooring 
systems, it fails to describe any nonlinear effect such as sub-harmonic motion 
or coexisting attractors. Moreover, since the motion of floating cranes is 
influenced by different nonlinearities, linearized models cannot explain the 
full range of phenomena which are found in the dynamics of crane vessels. 
Even if the fluid-structure interaction is nearly linear, the kinematic couplings 
between the hull and the load, as well as the characteristics of the mooring line 
forces are essentially nonlinear. 
These aspects have also been studied by Schellin et al. in their pioneering 
work (Schellin et al., 1989) where the motion response of a shear-leg crane 
ship lifting a heavy load in regular head waves was investigated using 
nonlinear simulation in the time domain. During this investigation, the 
hydrodynamic response forces and wave excitation forces were taken to be 
frequency dependent and the hoisting rope was treated as elastic; however, the 
mooring system restoring force was approximated by a third-order polynomial 
function. A similar problem (the motion response of a shear-leg crane ship 
lifting a heavy load in wave groups) was also investigated by Schellin et al. in 
another study (Schellin et al., 1991), where using idealized wave groups they 
have shown that, hook load response, when strongly coupled with ship 
motions, was mainly influenced by first-order wave-exciting forces. 
The influence of nonlinearities arising from the mooring system and viscosity 
effects of the fluid are also studied and can be found in a model developed by 
Jiang and Schellin (1990). The same model was used in a similar study by 
Kral et al. (1996). They have also shown that different nonlinear phenomena, 
for example, period doubling to chaos, can be found in the dynamics of a 
crane vessel. However, at present it is quite well proven that, the viscous effect 
is small or negligible for flow around a large structure in waves at zero 
forward speed, namely, offshore crane vessel during operation. In such cases, 
the computational method based on potential theory provides very good 
results. 
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Ellermann et al. (1999, 2002, 2003) have adopted this potential theory 
approach to evaluate the nonlinear dynamic responses of moored crane vessels 
in regular waves. The main objectives of their investigation were to detect 
nonlinear phenomena like bifurcations and the existence of multiple attractors. 
Both theoretical and experimental studies have been undertaken in order to 
achieve these goals. 
In the experimental part of the work, moored models of two different crane 
vessels have been excited by regular waves in a wave tank (Ellermann et al., 
2002). A special mechanism has been developed to model the nonlinear 
behavior of real mooring systems. The hydrodynamic data (added mass and 
radiation damping matrices) as well as hydrodynamic exciting forces for both 
vessels have been computed using the program WAMIT. 
The theoretical part of the work concerns a multi degree of freedom 
mathematical modeling of the floating crane vessel where the hull and the load 
(suspended in air) are represented by rigid bodies. The mathematical 
description of the moored crane vessel is mainly based on the work of Jiang 
(1991) in which the so-called state space model is used. The main idea of such 
an approach consists in the transformation of the frequency-dependent 
hydrodynamic radiation forces into the time domain by introducing additional 
state variables, which is a major drawback of this model. However, this 
transformation allows for the study of the nonlinear system with linear 
hydrodynamics in time domain. Furthermore, in this model both ‘the 
interaction between the vessel and the waves’ and ‘hydrodynamic fluid 
loading on the hull’ are assumed to be linear and are described by a linearized 
model. The frequency dependent terms are calculated from potential theory 
and later were transformed into time domain. It is further assumed that the 
crane vessel and the load move in a vertical plane and the amplitudes of the 
waves and the rigid body motion are small so that superposition can be 
applied. 
Two mathematical models of different levels of complexity are used to 
systematically determine the responses of the vessel-payload systems to 
periodic forcing of waves. One technique is the multiple scales method which 
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allows for the investigation of the nonlinear dynamical system in frequency 
domain and which results in an analytical solution. The other technique 
applies numerical path following methods to trace bifurcations (parameter 
values for which a qualitative change in the dynamics can be observed) of 
periodic solutions.  
The Path-following technique is a tool to numerically trace bifurcations 
(Allgower and Georg, 1988) and can be used for the investigation of different 
types of systems. One main advantage of the path following technique is that it 
can deal with any type of nonlinearity, since the equations of motion are 
integrated numerically. However, these algorithms are very time consuming 
and cannot be used as black-box tools since they do not guarantee the 
identiﬁcation of all possible dynamical effects for a considered system.  
 The other technique, multiple scales method allows for an analytical 
investigation of simpliﬁed nonlinear models in frequency domain. The 
multiple scales method is also used by Chin and Nayfeh (1996) in a simplified 
model to illustrate how the instabilities could arise due to the combination of a 
one-to-one internal resonance and a primary (additive) resonance or a 
parametric (multiplicative) resonance. The numerical results obtained by them 
indicate the existence of a sequence of period-doubling bifurcations that ends 
in chaos, multiple attractors and cyclicfold bifurcations. These findings agree 
quite well with a previous works of Jiang (1991).  
From the above discussion it can be concluded that, although substantial 
advances have been achieved in the development of nonlinear dynamics of 
floating crane from structural point of view, only few simplified nonlinear 
model has been found to deal with the hydrodynamics part of the problem. 
Moreover, all these studies mainly focused on the analysis of crane vessel and 
ignore the motion of submerged payload and its influence on the crane vessel 
as well as the influence of crane vessel on submerged payload motion. 
Recently, Cha et al. (2010) has proposed a coupled model to simulate the 
dynamic response of cargo suspended by a floating crane. They set up the 
dynamic equations of motion considering the 6-degrees-of-freedom floating 
crane and the 6-degrees-of-freedom cargo based on multi-body system 
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dynamics. Later, the nonlinear hydrostatic force and the linear hydrodynamic 
force are considered as external forces and only the motion parameters of 
crane barge and payload are calculated. However, similar to all previous 
studies this model also considers the behavior of the payload suspended in air 
only. Whereas, a fully coupled analysis between the crane vessel and 
submerged payload is of equally important; because, the unexpected 
movements of the submerged payload may cause several critical problems 
ranging from sudden increase in cable tension to collision of payload with 
vessel. Therefore, more sophisticated three dimensional analysis technique 
needs to be developed in order to provide better and realistic prediction of 




The literature review clearly reveals that substantial advancements have been 
achieved to explain the realistic behavior of surface piercing bodies (fixed, 
freely floating or moving) under various conditions and both in two 
dimensions and three dimensions; however, significant amount of researches 
have yet to be done in the hydrodynamic analysis of fully submerged 
structures, specially subjected to constrained motion in waves. It is also clear 
that there are scopes to analyze and understand the coupled hydrodynamic 
behavior of crane barge and its submerged payload subjected to nonlinear 
waves, which becomes a critical issue with growing interest in the field of 
offshore installation. The current research gap in this subject motivates the 
study presented in the thesis. 
 
1.5 Objective and scope of the research 
In the foregoing literature reviews, the development achieved in 
hydrodynamic analysis of floating and fully submerged bodies, the modeling 
and analysis technique of crane barge and its payload, ways for reducing 
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payload responses and experimental studies related to these are discussed. 
However, there are some limitations among these topics: 
 
 Several approaches have been proposed to analyze the wave 
interaction with submerged fixed or forced moving bodies and most of 
the time horizontal cylinder or sphere is considered for such study. 
However, the investigation of fully submerged structure subjected to 
constrained motion while attached to cable or other equipment is 
directly relevant to various marine systems including submerged 
payload of a crane vessel. Though, no extensive studies in this regard 
are found in open literature. 
 
 Most works so far dealt with either floating structure or submerged 
structure separately. However, in order to study the payload in the 
vicinity of a crane barge which forms a multi-body marine system, the 
floating and submerged structures should be simulated simultaneously. 
This coupling analysis has been adopted in other offshore problems, 
such as side-by-side barges for cargo loading and offloading. However, 
no previous work on the combined floating and nearby submerged 
structures using the coupling analysis in nonlinear wave condition is 
available in published papers.  
 
 All previous time domain analysis of crane barge and payload 
responses merely considered a payload suspended in air only. 
However, the hydrodynamic study of submerged moving payload 
coupled with crane barge in nonlinear wave is vital in order to ensure 
the safety of installation process, especially when the payload is quite 
heavy compared to the vessel displacement. Hence, extensive analysis 
should be made in this area to clearly understand the scenario as 
similar works are not found yet in literature. 
 
In order to shed light on the aforementioned research gaps by providing an 
insight of the offshore installation process via the evaluation of hydrodynamic 
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performances of a crane barge and its submerged payload in fully nonlinear 
waves, the numerical study is carried out here. Due to the limitation of the 
classical numerical tools in the frequency domain, this crane barge and the 
payload problem is not well understood or is unclear as discussed above. In 
the present study, the fully nonlinear time domain numerical model is 
extended and improved, making it for the first time a powerful tool to simulate 
the motion of submerged payload (as it moves laterally or lowered down 
towards sea bed) influenced by the nonlinear waves and floating crane barge 
near to it, which demonstrates interesting behaviors due to nonlinear 
interactions among barge, payload and waves.  It is expected that the results of 
present study will contribute to existing literature and will help to understand 
the hydrodynamic behavior of submerged structure subjected to constrained 
movement (alone or near to other floating bodies). It can also provide valuable 
guidance to determine the minimum gap between the barge and payload, and 
help to design unconventional systems for reducing the unexpected movement 
of the structure in waves. 
 
The above discussion leads toward the main objectives of this study as 
follows: 
 Improve an existing numerical model (Bai and Eatock Taylor, 2006) in 
order to perform numerical analysis of three dimensional nonlinear 
wave radiations by fully submerged bodies.  
 
 Extend the model to simulate the wave interaction with a submerged 
structure connected to a cable from the top and is subjected to 
constrained motion under wave action. 
 
 Combine the cases of floating barge and fixed submerged body in 
order to understand the hydrodynamic behaviors of the coupled system 
in various environmental conditions. 
 
 Extend the fully coupled model to replace the fixed body with a 
moving submerged payload with and without downward speed and 
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perform extensive study to predict payload movement during 
installation. 
 
Based on the above objectives, the scope of this study includes the following: 
Nonlinear wave radiation by submerged forced moving bodies: Firstly, the 
nonlinear wave radiation by a fully submerged vertical circular cylinder 
undergoing various forced sinusoidal motion in otherwise still condition is 
studied to capture the nonlinear behavior of the submerged cylinder near the 
free surface. The hydrodynamics performances of the submerged cylinder 
considering several variables, namely, amplitude and frequency of body 
motion, and underwater position of the cylinder are investigated. 
Nonlinear wave interaction with submerged bodies: Secondly, interactions 
between the completely submerged fixed vertical cylinder and fully nonlinear 
waves have been investigated. After that, simulation of the cylindrical payload 
attached to the crane rope at top and subjected to constrained motion like a 
pendulum is carried out. The effect of rope length, wave maker amplitude, 
frequency of wave maker motion and downward moving speed of the payload 
is studied under this section. 
Dynamic couplings of crane barge and submerged payload: Finally, the 
submerged payload and floating crane vessel problem is coupled in order to 
generate a realistic model of the installation process. At first, a fixed floating 
barge and a submerged fixed cylinder is coupled and studied under various 
scenarios. After that, the fixed cylinder is allowed to move within the coupled 
system and both the pendulum like angular motion as well as moving 
downward motion with a constant velocity is considered to understand the 
hydrodynamics of the system.  
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1.6 Layout of thesis 
In this first chapter of the thesis, the topic of the research is introduced at the 
beginning. After that brief review of the literature on the hydrodynamic and 
experimental analysis of offshore crane vessel and its payload, the 
development achieved in hydrodynamic analysis of floating and fully 
submerged bodies are presented followed by the objective and scope of the 
study. 
The next chapter, Chapter 2 provides the mathematical background and 
corresponding numerical implementation necessary to build up the numerical 
model of present investigation. The problem is modeled as an initial boundary 
value problem and the higher order boundary element method is applied to 
solve it. Several special techniques are also introduced in order to increase the 
effectiveness of the numerical model. The numerical algorithm corresponding 
to the methodology of simulating the three dimensional interaction between 
moving bodies and waves is described after that. Finally, the details of mesh 
generation, application of time stepping integration technique, method applied 
to deals with numerical instabilities are presented at the end of this chapter. 
Chapter 3 summarizes the findings obtained from the numerical simulation of 
nonlinear wave radiation by a submerged cylinder subjected to force 
sinusoidal motion in various directions. However, as for a numerical study it is 
very important to ensure that the proposed numerical model is capable of 
predicting realistic physical processes before it is accepted and applied to 
simulate real world problems. Therefore, a number of test cases have been 
investigated using the proposed numerical model. The results are compared 
with already published study and are presented at the beginning of chapter 3.  
After that, Chapter 4 introduces the study of submerged payload attached to 
cable and subjected to constrained motion under wave action. Detailed 
parametric studies are performed in order to understand the behavior of the 
payload under various environmental conditions.  
Chapter 5 provides the coupled study of fixed barge and submerged cylinder. 
Several scenarios are considered in order to perform this study. For example, 
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barge in Head Sea with payload alongside; barge in Beam Sea with the 
payload in upstream side and barge in Beam Sea while the payload is in the 
downstream side.  
Subsequently, Chapter 6 develops the three dimensional model to study the 
behavior of submerged payload near the vicinity of floating barge and 
subjected to constrained pitch motion while moves about a stationary point or 
moves downward with constant velocity. Comprehensive numerical study is 
performed and analyzed for this model by considering the variation of several 
design parameters. 
Finally, Chapter 7 concludes the studies already performed and proposes few 
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Chapter 2: Mathematical formulation and 
numerical implementation 
This chapter first provides the mathematical background of the wave structure 
interaction problem that is required for the development of the numerical 
models of proposed study. The coordinate definitions, basic assumptions and 
boundary conditions necessary for the model are described. After that 
mathematical formulation of ‘Higher Order Boundary Element Method’ is 
introduced followed by the brief description of force calculation scheme. The 
remaining portion of the chapter describes the issues related to the successful 
implementation of the numerical simulation. 
 
2.1 Mathematical formulation 
The hydrodynamic problem investigated here is formulated as an initial 
boundary-value problem for the velocity potential and is solved using a 
Mixed-Eulerian Lagrangian (MEL) approach and higher-order boundary-
integral-equation (BIE) method in the time domain.  
 
2.1.1 Model tank and coordinate systems 
 
A three dimensional numerical wave tank with two right handed Cartesian 
coordinate systems (as shown in Figure 2.1) is defined in order to simulate the 
proposed wave-structure interaction scenario. One is a space fixed coordinate 
system Oxyz having the Oxy plane on the mean free surface and the origin O 
usually at the center of the numerical tank. In this case the z axis is positive 
upwards. The other is a body fixed coordinate system O x y z   with its origin 
O  placed at the center of mass of the body. When the body is at upright 
position, these two sets of coordinate systems are parallel and the center of 
mass is located at Xg = (xg, yg, zg) in the space fixed coordinate system. As 
sketched in Figure 2.1, the wave tank involves a piston like wave maker 
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mounted at the left end boundary (on the negative side of the x-axis) of the 
tank, floating barge and submerged cylindrical payload around the middle and 
a damping zone (created by an artificial damping layer on the free surface) at 











Figure 2.1 Sketch of definition 
 
 
The motion of the wave maker is subjected to a prescribed sinusoidal 
displacement with input amplitude and frequency whereas the damping layer 
at the far end is placed to absorb the wave energy in order to avoid any 
reflection from the tank wall. All the boundaries here are rigid and 
, , , ,F M W D BiS S S S S  represent the free surface, wave maker, side wall, 
horizontal bottom and body surface (i denotes the body index when multi body 
system is considered, 1 for barge and 2 for cylinder) respectively. The vector n 
here is the normal unit vector pointing out of the fluid domain and the terms L, 
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2.1.2 Basic assumptions, equations and boundary conditions 
 
The following basic assumptions are being implemented into the proposed 
numerical simulation: 
 Ideal fluid: In the present study the fluid is assumed to be 
incompressible and inviscid. Although, all real fluids are viscous and 
compressible to various extents, the effect of viscosity can become 
significant or insignificant depending on the situations to be analyzed. 
For example, when presence of turbulence is negligible and boundary 
layer thickness is thin, the viscous effect is negligible and the fluid can 
be considered as ideal fluid with no compressibility and viscosity.       
 Irrotational flows:  Normally, the force for most of real fluids is 
composed of three components, namely, pressure force, body force, 
and viscous force. Among these three types of external forces, only 
viscous forces have shear components that act on the tangential 
direction of fluid particles. It is these shear forces that change the 
rotational status of fluid particles. Therefore, in an ideal fluid the 
vorticity will neither be created nor destroyed.  This means that if the 
fluid flow is initially irrotational, it will remain so.  
 
It is important to mention here that the above mentioned assumptions may not 
be accurate for ship shaped bodies, especially when they are subjected to 
continuous forward motion; because, the effect of viscosity is quite evident in 
such situations. However, these assumptions are quite reasonable for offshore 
structures as viscous effect can be assumed negligible in such cases if large 
structures are considered. Therefore, the numerical simulation of offshore 
structures (floating or submerged bodies without continuous forward motions) 
based on ideal fluid assumptions are quite widely accepted and these 
simulations provide excellent agreement with experimental results in most of 
the cases as well. 
Governing equation:  It is well known that for the case of irrotational flow, 
there exists a scalar velocity potential function  (x, y, z, t) and the fluid 
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particle velocity can be described by the gradient of this potential function as 
follows 
 





    
  
                                                                    (2.1) 
 
This velocity potential also satisfies the Laplace equation in the fluid domain 
(Ω). Thus, in order to deal with the potential fluid, the Laplace (continuity) 
equation is applied to the entire fluid domain as a governing equation, while 
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Now to solve such a steady problem in a finite domain, it is necessary to 
define appropriate boundary conditions.  The velocity potential  (x, y, z, t) 
must satisfy the boundary conditions on the free surface SF, on the sea-bed SD, 
on the wetted surfaces of the body SBi, on the wave maker SM and on the side 
wall SW of the numerical tank. Moreover, additional initial conditions also 
need to be specified as the problem is being analyzed in time domain. Hence, 
the above governing equation is subjected to the following boundary 
conditions. 
Boundary Conditions on Free Surface: On the instantaneous free water 
surface ‘SF’, the following kinematic and dynamic conditions need to be 
satisfied in order to update free surface location and the associated velocity 
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                                                                                    (2.4) 
 
where the kinematic and dynamic conditions are expressed using the 
Lagrangian description. Here, D/Dt is the usual material derivative, X denotes 
the position of points on the free surface, and g is the acceleration due to 
gravity. The atmospheric pressure on the free surface has been taken as zero in 
Equation (2.4).  
As can be seen, both the free surface boundary conditions are nonlinear in 
nature and exact application of these nonlinear boundary conditions will 
results in a system of nonlinear equations which is impossible to solve 
analytically. Hence, difficulties arise to incorporate the nonlinear effect of 
these boundary conditions into the solution procedure and special techniques 
needs to be applied to solve those difficulties. There are a few such special 
methods available to deal with such problems. Among those methods, the 
Mixed Eulerian-Lagrangian (MEL) time stepping approach is found to be 
widely accepted and has been applied in present investigation as well. A brief 
description of this MEL will be given in Section 2.2.3.  
Boundary Conditions on Rigid Surfaces: The boundary condition on the 









                                                                                                (2.5) 
 
Here U(t) is the velocity of the wave maker along the x direction and the 
condition is imposed at its instantaneous position. In the present model, a 
piston-like wave maker is placed at the left end of the tank, and a 
monochromatic wave is generated by imposing the following motion on the 
wave maker 
Chapter 2     Mathematical Formulation and numerical implementation  
32 
 
0( ) sin( )U t A t                                                                                          (2.6) 
Here Ao and ω are the wave maker motion amplitude and frequency 
respectively. The general boundary condition on other solid surfaces, 






nV                                                                                                    (2.7) 
 
As already mentioned, the ‘n’ here is the outward unit normal vector from the 
fluid to the solid surface and Vn is the velocity of the body in the normal 
direction. If small angular motions are assumed, the motions of a three-
dimensional rigid body about its center of mass can be described in terms of 
six components, 
 
    n gV = ξ α (X X ) n                                                                              (2.8) 
 
where ξ = (ξx, ξy, ξz) is a translatory vector denoting the displacements of 
surge, sway and heave and α = (α x, α y, α z) is a rotational vector indicating the 
angles of roll, pitch and yaw respectively, about Oxyz and measured in the 
anticlockwise direction.  
However, if a fixed body is considered, the boundary condition on the body 
surface SB will become the same as that on the side wall Sw and the horizontal 







                                                                                          (2.9) 
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Initial Conditions: Since time domain approach is applied to formulate the 
problem, initial conditions are also required to solve the cases. As in every 
case considered here, the body starts from rest in calm water, therefore the 
velocity potential and wave elevation should be specified at the initial time 
step as 
 
0,   0z  when   0t                                                                       (2.10) 
 
Moreover, in order to avoid the wave reflection from the downstream end of 
the numerical tank, a proper far-field condition needs to be defined. The 
mathematical details of this process are discussed later in Section 2.2.2. 
 
2.1.3 Higher order boundary element simulation 
 
There are a number of methods available to solve the Laplace equation 
numerically. One of the most commonly used methods is the boundary 
element method which is a very popular numerical technique to solve the 
mixed boundary value problem in the numerical simulation of nonlinear 
waves. This numerical method is also quite robust to simulate very 
complicated geometries applied in offshore engineering. In this method the 
boundary value problem is converted to its equivalent form of boundary 
integral equation. Then Green’s Theorem is used, which links the volume 
integration to surface integration and thus reduce the dimension of the 
problem to be solved by one.  
Now, to formulate the Boundary Value Problem (BVP) into a Boundary 





x,x , where 0r  x - x  and  , ,x y zx is the source point. 
After that, Green's second identity is applied to   and G over the whole 
boundary ‘S’ which leads towards the following boundary integral equation 














     

x,xx
x x x,x x                               (2.11) 
 
Here C(x0) is the solid angle at the ﬁeld point x0, and n is measured from the 
source point x.  
However, in case of horizontal seabed, if the body and the simulated ﬂow are 
symmetric about the x–z plane, the simple Rankine source and its image with 
respect to the symmetry plane (y = 0) and the seabed (z = −d) can be chosen as 
the Green’s function. Therefore, the seabed can be excluded and the integral is 
only evaluated over the half of the computational boundaries. Under these 
circumstances, the Green’s function become 
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Now in order to apply higher order boundary element method, the entire 
boundary surfaces need to be discretized. Generally, two types of quadratic 
isoparametric elements, namely triangular and quadrilateral are used to 
discretize the integral surface. In present formulation, this general trend is 
followed and triangular and quadrilateral elements are used to discretize the 
computational boundaries. After proper discretization of the boundaries, the 
next step is to choose appropriate shape functions for the boundary elements.  
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Shape functions are used to find the value of desired variables (displacement, 
potential, position coordinates etc.) at any point within the element by 
interpolation, subjected that the nodal values of those desired variables are 
known.  The number of shape functions in an element is equal to total number 
of nodes within that element.  This means that each node of an element has a 
corresponding shape function and this shape function has a value of 1 at that 
associated node and 0 at the other nodes. Also, the summation of all shape 
functions at a certain point within the element is 1.  In order to avoid algebraic 
complexity, a local intrinsic coordinate system  ,  is used to define the 
shape functions. 
In linear BEM model three shape functions are defined in a triangular element 
whereas higher order boundary element model needs six shape functions. In a 
similar manner, eight shape functions are used to model quadrilateral 
elements. In present investigation, higher order boundary element method is 
applied to deal with highly nonlinear problem. This means, higher order shape 
functions are required to model the boundary elements accurately and 
efficiently. Therefore, six nodes are used to model the curved triangular 
elements on the boundaries. The corresponding six shape functions  ,jN  
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                                                               (2.14) 
 
The geometry of the six-node quadratic triangular element and its shape 
functions are shown in Figure 2.2. Figure 2.2(a) shows the triangular element 
in the global coordinate system. Whereas, Figure 2.2(b) illustrates the same 
triangular element after converting it in to local intrinsic coordinate. 
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As can be seen, there are two types of nodes in a six nodes triangular element: 
corner nodes (1, 2 and 3) and middle nodes (4, 5 and 6). As a result two types 
of associated shape functions are to be expected. Here, only Shape functions 
N2 and N5 corresponding to nodes 2 and 5 respectively are shown as 














Figure 2.2 Six node quadratic element and shape functions; (a) Curved 
triangular element in global coordinate system; (b) same triangular 
element in local intrinsic coordinate; (c) Shape functions at node 2 and 5 
respectively (Felippa, 2004). 
 
 
In a similar manner, eight nodes are placed on the curved quadrilateral 
element and the associated eight shape functions in their intrinsic local 
















𝑁5 𝜉, 𝜂  𝑁2 𝜉, 𝜂  
















( , ) (1 )(1 )
4
1
( , ) (1 )(1 )
2
1
( , ) (1 )( 1)
4
1
( , ) (1 )(1 )
2
1
( , ) (1 )( 1)
4
1
( , ) (1 )(1 )
2
1
( , ) (1 )( 1)
4
1


















     
   
      
    
      
   
     
   
                                                         (2.15)  
 
The geometry of eight node quadrilateral element and associated shape 
functions are shown in Figure 2.3. Figure 2.3(a) represents the quadrilateral 
element in the global coordinate system and Figure 2.3(b) shows the same 
quadrilateral element in its local intrinsic coordinate. Finally, Figure 2.3(c) 
illustrates all the eight shape functions. 
After introducing the shape functions in each of the surface elements, the 
position coordinates, velocity potential and derivative of velocity potential 
within an element can be found in terms of nodal values as follows 
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Here k is the number of nodes in the element (6 for triangular element and 8 
for quadrilateral element) and xj and j represents the nodal positions and 





   
 








Figure 2.3 Eight node quadratic element and shape functions; (a) Curved 
quadrilateral element in global coordinate system; (b) quadrilateral 
element in its local intrinsic coordinate; (c) Corresponding eight shape 
functions (Choi et al., 2000). 
 
The above formulations are adopted to discretize the boundary integral 
equation presented in Equation (2.11). It is well known that obtaining an 
analytical solution for Equation (2.11) is rather difficult. Therefore, the 
alternative numerical integration is the only way to solve it. However, as the 
values of integrand only at certain sampling points over the element are used 
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to perform a numerical integration; the corresponding integral equation needs 
to be discretized.   
So, the foregoing formulations (Equations 2.16 - 2.18) are applied in Equation 
(2.11) to give the following boundary integral equation in its discretized form 
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     (2.19) 
 
Here M is the number of sampling points used in the standard Gauss–Legendre 
method to evaluate numerically the integration over each element, m is the 
integral weight at the m
th
  sampling point, Jm(ξ, η) is  the  Jacobian  relating  
the  global  coordinates  and  the  local  intrinsic  coordinates  in  the  n
th
  
element and N is the number of elements. Here, x0 is an arbitrary point defined 
as a node of an element on the discretized boundaries or on the free surface. 
When the ﬁeld point is located at a node within the same element to the source 
point, the singularity problem arises. To deal with such singularity the 
triangular polar-coordinate transformation technique described by Eatock 
Taylor and Chau (1992) is applied. 
Now, in order to solve Equation (2.19), the solid angle C(x0) still needs to be 
defined. However, the direct computation of solid angle is quite difficult due 
to the complex evolving three-dimensional computational domain. The 
problem can be simplified with the physical argument that a uniform potential 
applied over a closed domain creates no ﬂux. This idea leads towards solving a 
homogeneous Dirichlet problem, in which a uniform ﬁeld,  = constant ≠0, is 
defined over the entire integral boundary S (Wu and Eatock Taylor, 1989). 
Implementation of this idea in the boundary integral Equation (2.11) results 
the following expression 















x                                                                       (2.20) 
 
In the above equation the solid angle is expressed as an integration of the 
Green’s function derivative and can easily be obtained from the influence 
coefficients without additional calculation. 






 on body surface are known, whereas, the potential    on the 





on the free surface are still unknown. 
Hence, the discretized boundary integral Equation (2.19) can be written in the 
matrix form such that there is N number of algebraic equations including 2N 
variables 
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where,  
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(2) (1)( ) ( )i i i iB C B  x x                                                                             (2.26) 
 
Here, Nn and Np are the numbers of elements on the Neumann and Dirichlet 
boundaries respectively. The Neumann boundaries include all the rigid 
boundaries for example, tank walls, the wave maker, and the body surfaces, 
where ∂ϕ/∂n is known and ϕ is unknown. On the other hand, Dirichlet 
boundary is the free water surface where ϕ is known and ∂ϕ/∂n is unknown. 
After assembling the above equations for each node on the whole integral 
surface, a set of linear algebraic equation systems is obtained. Now, at a 
certain time step, either the potential or its normal derivative on each part of 
the boundary is known from the corresponding boundary conditions. Thus, the 
resulting set of linear algebraic equation can be solved to get the solution of 
the mixed boundary value problem (i.e. to find the remaining unknowns) at 
that certain time step. 
Once the solution on the boundary is obtained, the solution in the whole flow 




( , )1 )










     

x xx
x x x x                                   (2.27) 





( , )1 )











        

x xx
x x x x                     (2.28) 
for the velocity. 
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2.1.4 Hydrodynamic forces 
 
After solving the mixed boundary value problem to find the potential at each 
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Here  is the density of the fluid, t  is the time derivative of the potential. 
The hydrodynamic forces  1 2 3, ,f f fF and moments  4 5 6, ,f f fM on the 
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where ni are the six components of the normal unit vector n deﬁned in 
Equation (2.7). For i = 1-3, ni represent the unit normal vectors in surge, sway 
and heave directions respectively. Whereas, for i = 4-6, ni represent the unit 
normal vectors in roll, pitch and yaw directions. 
The velocity components  on the body surface in Equation (2.29) can be 
obtained numerically because, the velocity potential and the derivatives are 
already obtained from the solution of the higher-order boundary element 
simulation. The other term t , which is still unknown, could be obtained in 
various ways and in present study two different approaches are implemented, 
these are: obtaining t  either by numerical differentiation with respect to time 
using the potential at the previous time step or  by representing t  as another 
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boundary value problem as described by Wu and Eatock Taylor (2003). The 
first approach may sometimes lead to instabilities, particularly in the more 
general case when a floating body is free to move. Such problem can be 
overcome by implementing the later technique where some auxiliary functions 
ψi (i = 1, . . . , 6) are introduced instead of computing t  directly (Wu and 
Eatock Taylor, 2003). These functions satisfy the Laplace equation in the ﬂuid 
domain, and the following boundary conditions: 
 On the free water surface  
0i                                                                                              (2.31) 
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                                                                                                       (2.33) 
 
In order to obtain the hydrodynamic force through the auxiliary functions, a 
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Using the boundary conditions for ψi and t , in conjunction with the Stokes 
theorem applied on the body surfaces (to avoid the second derivative of the 
potential), the above equation can be simplified and finally gives the following 
expression for the hydrodynamic force (refer to Wu and Eatock Taylor (2003) 
for more details): 
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The key to obtain the hydrodynamic force is therefore to solve for ψi . It is 
obvious that the introduction of the auxiliary function ψi does not lead to 
significant increase in the computational effort. Because ψi has the same 
boundary conditions as those for , which means these two different problems 
share the same influence coefficient matrix. So, they can be solved together 
without adding much computational time in the calculation of hydrodynamic 
forces, compared with the backward difference scheme in time.  
As stated earlier in this section, the numerical model presented here is capable 
of calculating hydrodynamic forces using both of the above mentioned 
methods. For the general purpose of simulating wave body interaction where 
the body may be undergoing freely motions and an equation of motion needs 
to be solved, the auxiliary function method of force calculation is added in this 
present numerical model as this method is versatile. However, for a particular 
situation, for example when a fixed body is considered or the body has 
constrained motions, it is observed that the direct integration method can also 
work well and no instability is observed when t  is directly calculated by this 
method to obtain the forces on the moving (constrained motion only) 
submerged body.  So, the option of calculating the forces by direct integration 
is also included in the model. In chapter 3 and 4 the auxiliary functions are 
applied to demonstrate that this method is accurate and stable. During later 
stages, fixed floating barge coupled with submerged moving payload is 
simulated. Two sets of auxiliary functions need to be defined and solved in 
order to apply auxiliary function method in this case which requires much 
additional computing time as larger amount of node and mesh information are 
involved here compared to the studies in previous chapters. As a result, with 
considering the ease of implementation and computational efficiency in the 
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study of Chapter 5 and 6 the auxiliary functions are avoided and the direct 
integration method is applied, because the direct integration method is also 
capable of providing stable simulation results for the specific problems 
considered in these chapters without increasing the simulation time. 
 
2.2 Numerical implementation 
The most important part of a numerical simulation procedure is the successful 
implementation of the mathematical formulations through the accurate 
approximation of the continuously time and space in the physical problem by 
the discrete time and space in numerical computations. The precision of the 
numerical simulation is dependent on the quality of this discretization used. 
Therefore, in the application of numerical method to simulate nonlinear wave 
structure interaction problems, a number of aspects related to the detailed 
performance have to be considered. For example, mesh generation on 
boundary surfaces, time stepping integration technique to update the variables, 
algebraic equation solver to solve the matrix of boundary value problem and 
mesh refinement process to avoid instability are such few important aspects of 
a numerical process which have a direct bearing on the success or failure of 
the calculation. A brief discussion of these key features is presented below. 
 
2.2.1 Discretization of computational domain 
 
The first step of numerical simulation using a mesh-based method like BEM is 
to discretize the computational domain using a proper grid or mesh system, on 
which the computation will be performed. The quality of this grid or mesh 
configuration is of outmost important to the numerical accuracy and stability, 
especially when the flow is violent and near an irregular boundary. 
In the present analysis, the boundary surface over which the boundary 
integration is performed is discretized using two types of quadratic 
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isoparametric elements as discussed in mathematical formulation section. Here 
the overall process of those elements mesh generation is described.  
First of all, it is important to note that the entire domain boundary is not a 
smooth, continuous surface. There are many corners and edges on it, for 
example between the free surface and the side wall. In order to deal with this 
problem, the discretized surface is divided into many simple, continuous 
patches, and mesh generation is performed on each of them. 
Moreover, as a higher-order boundary element method is used here, the field 
point x0 can be located at the corners or edges of the boundary surfaces and 
this will result in a singularity where the normal vectors at these points are 
undefined. To resolve this difficulty a double or triple node is introduced at the 
edges or corners of the boundary surfaces. That means two or three different 
nodes can be placed at one spatial position to represent the different normal 
vectors at that point. 
Now, in order to generate the meshes two main types of patches are defined in 
the computational domain. One type is the patch on vertical surfaces including 
the side wall and the body surface, where it is easy to generate structured 
quadrilateral meshes. The corner nodes on these patches are distributed 
exponentially in the z direction with a view to approaching the vertical decay 
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Here z1, j is the coordinate of the point where the wave intersects the vertical 
surface, Mz is the number of elements in the z direction and D is the water 
depth or the draft of the body. The choice of parameter γ in the equation 
depends on how ﬁne the mesh is required to be near the free surface. 
Subsequently, the position of the middle nodes in each element is determined 
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by averaging that of the two adjacent corner nodes. The mesh generated by 










Figure 2.4 Mesh generation on a vertical surface using quadrilateral elements 
 
As can be seen, the rectangular patch is divided into m×n number of elements. 
Here, m denotes the number of elements in the x direction and n denotes the 
number of elements in the z direction; whereas j and k represent the serial 
number of nodes in the horizontal and vertical directions respectively. 
However, it should be noted that the uniform mesh distribution is followed on 
the surface of fully submerged cylinder considered here, as the cylinder is 
short in vertical direction in this case and the vertical decay of potential is 
negligible as it is fully submerged. 
Another type of patch is defined on the free surface and on the truncated 
bottom of the body. The unstructured triangular meshes are adopted for these 
surfaces.  One  of  the  major  advantages  of  this  unstructured  mesh 
approach  is  that  it  is  applicable  to  very complex  geometrical  domains  
and  amenable  to  mesh  adaption  to  features  in  the  flow.  Moreover, in this 
method the density of meshes in a particular area of interest can be increased 
j=1 to 2m+1 x 
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easily without much modification of meshes in other parts; while in other 
method  concentration  of  points  in  one  region for  reasons  of  accuracy 
produces unnecessarily small spacing in other parts of  the solution domain 
and a waste of  resources. 
There are a number of methods available to generate the triangular meshes. 
Among those methods, the Delaunay triangulation method (Subramanian et 
al., 1994) seems to be more effective and is applied in the present work. 
The first step of the Delaunay triangulation method is the generation of initial 
triangles. To begin the process a series of points on the known computational 
boundaries are defined and these points are considered as vertices of initial 
Delaunay triangles. Based on this set of coarse Delaunay triangles, points can 
then be inserted in the domain to form finer triangles. In order to generate 
meshes automatically and blend the grid density smoothly from the boundaries 
to the interior domain, the circumcircle radius is used as a measure of the 
obtuseness of the element (which ideally should be as close as possible to 
equilateral). This variable is made dimensionless by a local length scale, 
which reflects the grid density on the boundaries influencing the local mesh.  
The automatic procedure can then be developed by specifying that a new node 
is placed at the center of the triangle having maximum circumcircle radius. 
Finally, the Laplace smoothing method is used to smooth the meshes, such 
that their shape approaches regular triangles as much as possible.  
As mentioned before, when the field point locates at the edges or corners of 
the boundaries, it will lead to a singularity and the normal direction is hard to 
define in such case. In order to deal with this situation, a double or triple node 
is imposed at the edges and corners. Normally a point on intersection line 
physically belongs to both the body surface and free water surface. However, 
after imposing double node technique on that point, one node is set to belong 
to body surface and its normal vector is defined with respect to the body 
surface; the other node set to belongs to the free water surface and its normal 
vector is defined based on the free water surface. 
 





Figure 2.5 Mesh generated in a wave tank with fully submerged truncated 
vertical cylinder (for illustration) 
 
Figure 2.5 shows meshes generated by the above mention method for a fully 
submerged truncated cylinder along with floating barge in a numerical wave 
tank, for the purpose of illustration. 
As can be seen, the free surface and bottom surface of bodies are discretized 
by unstructured triangular elements whereas vertical sidewalls are generated 
using quadrilateral elements. 
 
2.2.2 Artificial damping layer 
 
In order to simulate open sea waves in a numerical wave tank, it is necessary 
to impose a suitable radiation condition on the downstream end (please refer to 
Figure 2.1) to avoid the reflection of scattered waves from the far-field 
computational boundaries and to simulate a sufficiently long duration in a 
reasonably sized domain. Several forms of far-ﬁeld condition have been 
suggested in various publications. These include a periodic boundary 
condition (Longuet-Higgins and Cokelet, 1976), a Sommerfeld condition 
(Chan, 1977), an absorbing condition based on different equations (Broeze and 
Romate, 1992), matching with the far field linear solution (Lin et al., 1984), an 
active wave absorber (Maisondieu and Clement, 1993), and a damping zone 
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(Cointe et al., 1990). In addition, there are schemes based on some 
combination of the above techniques. Arai et al. (1993) combined the velocity 
reduction method with the Sommerfeld condition. Contento and Casole (1995) 
coupled the normal damping zone method with the Sommerfeld condition. 
Clement (1996) employed the combination of an active wave absorber and the 
damping zone method. 
Although the results have demonstrated that the above techniques can absorb 
the wave quite effectively in many cases, none of these can completely 
remove the reflection of fully non-linear waves. In fact, researchers around the 
world are still investigating this particular problem to obtain more accurate 
results. Nevertheless, in present analysis an artificial damping layer on the free 
surface is adopted to absorb the wave energy on the downstream side of the 
numerical tank. In this numerical beach, the kinematic and dynamic boundary 
conditions are modified by a damping term over a finite length of the free 
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Here l is the distance from the body,  l is the damping coefficient and Xe = 
(xe, ye, 0) is a reference value specifying the at-rest position of the fluid 
particle. In practice, the damping coefficient is chosen to be continuous and 
continuously differentiable, and is “tuned” to a characteristic excitation 
frequency ω of wave motion. The following expression of the damping 
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In this definition, λ is a representative wavelength corresponding to the 
excitation, lo is the distance from origin to a starting point of the damping 
zone. α and β are the two non-dimensional parameters applied to control the 
strength of the damping layer and the length of the beach, respectively. The 
value of α is not very sensitive provided that β is large enough (for 
example, >1.5). That means the effectiveness of the damping zone mainly 
depends on the length of damping zone (β) and different values of α may not 
influence the results much, as long as a large β value is considered. However, 
increasing β means extension of damping zone which added up extra 
computational time. Hence, attempts are taken here to find optimum values for 
α and β. During these attempts it is also observed that, increase of wave maker 
motion amplitude and wave frequency affect the choice of α as well when a 
smaller β value is applied. The optimal values for these two coefficients are 
thus mainly obtained via trial and error.  For example, α and β are chosen to be 
2.0 (refer to the parametric study in Section 3.2.3) and 1.0 (as already 
established by Bai and Eatock Taylor, 2007) respectively in Chapter 3 and in 
Chapter 4. However, for Chapter 5 and 6, α=3 and β= 1.5 are chosen after 
attempting different runs with various values.  
 
2.2.3 The Mixed Eulerian Lagrangian (MEL) approach & time 
stepping integration 
 
After building up the model, the Mixed Eulerian Lagrangian (MEL) approach 
is used to solve this nonlinear, unsteady wave structure interaction problem. 
MEL is a widely accepted numerical technique which use the powerful 
properties of potential theory by adopting an Eulerian form at each instant of 
time, and it also makes use of the marked-particle quality of the Lagrangian 
description by following the fluid particles and their Eulerian velocity 
potential through time (Longuet-Higgins and Cokelet, 1976). The solution 
procedure involves two main steps: 
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 on body surface SB and known velocity 





 on free surface and obtain the velocity   on free 
surface. 
II. Integrate in time the kinematic and dynamic free-surface boundary 
conditions in Equations (2.3) and (2.4) to update the free surface 
position and velocity potential for the next time step, and repeat the 
processes. 
 
In step I the linear BVP is solved with the actual (time-exact) boundary at that 
time step whereas the integration of the nonlinear boundary conditions in time 
in step II is explicit. As can be expected, computation time and storage are 
generally dominated by step I; while computational complexities, associated 
for example with stability of the nonlinear free-surface boundary conditions, 
are mainly confined to step II. 
After solving the boundary value problem of step I using the higher order 
boundary element method as mentioned in the previous chapter, the free 
surface geometry and potential are updated (step II) for the calculation at the 
next time step by integrating the fully nonlinear free surface boundary 
conditions in time. Here, the standard fourth-order Runge–Kutta scheme 
(RK4) is used to perform the integration, providing good stability 
characteristics within a convenient computational scheme. 
The first two steps of this method use an explicit Euler predictor and an 





.  This is followed by a midpoint rule predictor 
for the full step and a Simpson's rule final corrector that gives the method its 
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Now, before the time stepping integration of the free surface boundary 
conditions, the particle velocities needs to be computed first. From the 
solutions of the mixed boundary value problem or the corresponding boundary 
conditions, the potential and its normal derivative on boundaries of the whole 
fluid domain are all known. So, based on the higher-order boundary element 
method adopted here, the particle velocities both on the free water surface and 
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It should be noted that there is always more than one element surrounding a 
node. The final velocity at each node is thus obtained by averaging the values 
from Equation (2.44) performed within every element adjacent to this node. 
Where the surface is discontinuous, it is divided into smooth and continuous 
patches, and the multiple node method is used on the interfaces between these 
patches. The same averaging procedure stated above can then be adopted to 
predict the velocity and the normal vector at the multiple nodes, but in this 
situation only the surrounding elements located on the same patch with the 
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node should be considered in the averaging. In this way, the flow in the 
domain at the advanced time t t  can be solved, and the time domain 
calculation will be able to proceed. 
It is also important to mention that an abrupt initial condition during the initial 
time steps can generate unexpected results and cause numerical instabilities.  
In order to avoid such a situation, a cosine ramp function Fm is used to 
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where mT  is a ramp time and is chosen as one or two times the excitation 
period T  in present analysis. 
 
2.2.4 Algebraic equation solver 
 
The solution of the full and asymmetric inﬂuence matrix arising from the 
mixed boundary value problem at each time step (Equation 2.21) is a key part 
of the analysis discussed here. The efficiency of the corresponding code 
largely depends on the effectiveness of the solution technique used. There are 
a number of possible methods for solving the matrix system but the efficiency 
of each method is largely problem-dependent. The efﬁcient generalized 
minimum residual (GMRES) iterative scheme is one such popular method 
which has been applied by the researchers to solve similar types of problem 
investigated here. The GMRES iterative scheme with a diagonal 
preconditioner was first proposed by Saad and Schultz (1986), and applied in 
the ocean engineering field by Zhao and Graham (1996). They have found this 
solver to be very effective. This GMRES solver is found to be effective for the 
present analysis also; as long as single domain is used for simulation. 
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At the same time, when assembling the influence matrix, it can be seen that on 
the intersection of the free surface and the solid surfaces, the potential on the 
free surface is known from the free surface boundary condition, and therefore 
the potential of the double or triple nodes on the solid surfaces is also known 
according to the continuity of potential. Hence, there are no unknown 
variables on the double or triple nodes belonging to the solid surfaces, and the 
corresponding terms can be moved to the right-hand side of the equation. Here 






k k i i i k ki k
k k k j i k i kk j





   

  
                                                                  (2.46) 
 
2.2.5 Mesh re-gridding and removal of saw tooth instabilities 
 
The integration of free surface boundary conditions in time will update the 
wave proﬁle and the intersection lines of the free surface and solid boundaries, 
which means that the configuration of elements will change during the time 
marching process. At the same time, it is possible that the elements may 
become so distorted that the calculation breaks down. To overcome this 
problem, the meshes on these boundaries also have to be adjusted accordingly. 
This process of updating the meshes is known as re-meshing / re-gridding 
which may be used at each time step or after every several time steps. In 
addition, for the problem related to the generation of waves by a forced 
oscillating body, the body motion may also require recalculation of the 
positions of nodes on the body. 
The mesh re-gridding on the vertical side walls is simple and is similar to that 
at the initial time step discussed above. Because on vertical side wall, z1, j of 
Equation (2.36) is the only variable that is changing during the free surface 
update.  
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In order to illustrate the mesh re-gridding on the body surface, only the three 
components of its motion, surge, heave and pitch are considered; which are 
defined as (χ1, χ3, χ5) respectively. In such a case, there is no motion in the y 
direction, hence the y coordinate need not to be considered in the mesh 
regeneration. Now, according to the coordinate definition presented in Section 
2.1.1, there are two coordinate systems have been defined for present analysis 
– body-fixed coordinates and space-fixed coordinates. Hence, the positions of 
the nodes on body surface also need to transform from the moving body-ﬁxed 
coordinates to the space-ﬁxed coordinates. In matrix form the transformation 
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Under most conditions without re-gridding, the numerically computed wave 
proﬁle will, after a sufﬁciently long time, develop a saw-tooth appearance as 
nonlinearity increases. In this saw tooth appearance, the computed positions of 
the particles lay alternately above and below a smooth curve. This 
phenomenon was first reported by Longuet-Higgins and Cokelet (1976) and 
solved by applying the smoothing procedure. Later, Dold and Peregrine (1984) 
developed a consistently high-order time stepping method using Taylor 
expansion to removes saw tooth appearance and minimizes the numerical 
instability. 
However, in the present study re-meshing on the free surface is implemented 
to remove this numerical instability (Bai and Eatock Taylor, 2006). This 
approach avoids the arbitrariness of having to choose an explicit smoothing 
formula. To realize the mesh regeneration on the free surface, the following 
interpolation technique is used to predict the vertical coordinate of the new 
node based on its given horizontal coordinates. For boundary-ﬁxed problems, 
the horizontal coordinate is computed at the initial time step, and then can be 
used at the following time steps. Conversely, for many moving boundary 
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problems, such as the cases investigated here, the nodes need to move 
horizontally prior to the vertical interpolation, in order to maintain a uniform 
distribution of nodes and good aspect ratios for the elements. 
This process is achieved by ﬁrst discretizing the boundary line of the free 
surface projected onto the horizontal plane. For the part of this boundary line 
lying on the side walls, the discretization is direct because the horizontal 
coordinate is independent of the vertical coordinate. On the inclined body 
surface, however, the horizontal and vertical coordinates are coupled, as seen 
in Equation (2.47). Therefore, an iterative program is developed based on the 
new position of nodes obtained from the time stepping integration, in order to 
ensure that the new node is located on the boundary line and the body surface. 
Once the new nodes on the boundary line of the free surface are known, the 
Laplacian smoothing technique is used to obtain the other new nodes on the 
free surface, i.e., 
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Based on the horizontal coordinates of new nodes on the free water surface 
obtained by the mesh regeneration, interpolation can be employed to calculate 
the vertical position as well as the potential. In the interpolation, the key task 
is to ﬁnd the old free surface element that each new node belongs to, because 
when the ﬂuid domain is re-meshed, the new node cannot automatically be 
attached to a particular old element, there must be a preset criterion which will 
do the task. Hence, to find the corresponding old element, the following 
criterion is used 
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Here Ssub is the area of a triangular sub-element consisting of two vertices of 
the old element and the new node under consideration, Sele is the area of the 
old element, and Q is the number of triangular sub-elements surrounding the 
node. If the equation is satisfied, the node must lie inside this old element. The 
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Finally the local intrinsic coordinates (ξ, η) can be determined based on the 
areas of sub-elements and the old element, and the vertical coordinate and 
potential at the new node can subsequently be obtained by using the shape 
function within this old element. 
 
2.2.7 Intersection Line 
 
The intersections between the free water surface and the solid boundaries, 
such as the side walls and ﬁxed or ﬂoating bodies, deﬁne sharp edges and 
corners on the domain boundary, hence these intersections needs special 
attention. At each time step, the time integration of the free surface boundary 
conditions gives the new positions of nodes on the free surface. Also, due to 
the higher-order boundary element method used here, the intersections with 
the free surface can be calculated directly because the nodes are deﬁned at the 
edges of each quadratic triangular element, unlike in the constant panel 
method where extrapolation is needed to determine the position of 
intersections. 
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However, there remains the possibility that the nodes on the intersection 
obtained by updating the free surface boundary conditions can separate from 
the body surface due to numerical errors, even though the separation is always 
very small. In order to ﬁx this separation on the intersection, the double or 
triple nodes on the free surface are simply forced back onto the body surface 




Discussions of the theoretical background along with the numerical algorithm 
corresponding to the simulation of the forthcoming work have been presented 
in this chapter. A boundary value problem where the fluid was represented by 
a velocity potential is introduced and higher order boundary element 
formulation of that problem is described. Both the approach of direct 
integration and auxiliary function technique for obtaining the time derivative 
of the potential for the hydrodynamic forces calculation are implemented 
where applicable. 
Two different types of mesh have been generated to model the numerical wave 
tank. On the free surface, an unstructured triangular mesh is used, which can 
be modified easily when the body travels a large distance by using the laplace 
smoothing procedure. The Mixed Eulerian Lagrangian technique based on 
fully non-linear potential theory is applied to solve the problem. In this time-
domain approach, the higher-order boundary element method is used to solve 
the mixed boundary value problem based on an Eulerian description at each 
time step. The 4th-order Runge–Kutta (RK4) time-integration scheme is 
adopted to update the velocity potential and free surface elevation expressed in 
a Lagrangian formulation at each time step. Finally, re-meshing on the free 
























Chapter 3: Fully nonlinear wave radiation by 
submerged structures 
 
This chapter describes the hydrodynamic analysis of a fully submerged 
truncated vertical cylinder subjected to forced sinusoidal motion. This fully 
submerged cylinder can be resembled to the submerged payload of crane 
barge and study of its behavior under forced motion will help in validating, 
investigating and analyzing the characteristics of payload in forthcoming 
chapters. A circular three-dimensional numerical wave tank is developed in 
this regard to simulate the radiation problem. The numerical model is first 
verified with existing results of submerged wave radiation by a forced moving 
sphere in heave motion. After that, the established model is used to study the 
nonlinear wave radiation problem of submerged vertical cylinder. A number 
of cases has been designed and analyzed by placing the completely submerged 
cylinder in different sinusoidal motions with varying motion amplitudes and 
frequencies. The corresponding numerical results of cylinder motions, wave 
profiles, and hydrodynamic forces are then compared and discussed for all the 
cases. 
 
3.1 Model description 
The numerical model presented in previous chapter is modified here to allow 
the simulation of wave radiation problem. Instead of a rectangular wave tank, 
a cylindrical numerical tank without any wave maker is considered to fulfil the 
purpose. Also, in order to avoid the reflection of scattered waves from the tank 
boundary and to simulate a sufficiently long duration, an artificial damping 
layer on the free surface is adopted throughout the circular perimeter of the 
tank to absorb the scattered wave energy. Figure 3.1 provides an illustrative 
outlook of the modified computational domain in order to create a visual 
impression of the tank in readers mind. Figure 3.1(a) depicts the sketch of the 
entire three-dimensional numerical wave tank with the vertical test cylinder 





inside the domain, whereas Figure 3.1(b) shows the snapshot of the numerical 
grid used in the calculation for half of the computational domain (free surface 
and cylinder only) at a random time step.  
 
 
Figure 3.1 (a) Cylindrical tank outlook, (b) Mesh distribution on free surface 
and body (half tank) 
 
In most of the study of this chapter, a vertical cylinder of length l = 0.2d with 
radius r = 0.1d is placed at the centre of the cylindrical wave tank and just 
below the still water level. The wave tank has a radius of R/d = 2.5 ≈ 1.7λ, 
which is sufﬁciently large to capture and analyse the wave profile/elevation 
around the cylinder and hydrodynamic force generated by the movement of 
submerged cylinder. However, due to the symmetry of the computational 
domain, only half of the numerical tank is considered in the computation. 
Inside that tank, the submerged cylinder starts to oscillate from the rest 
position and is set to sinusoidal motion about its centre point. The 
displacement (  ) and velocity ( ) of cylinder motion are expressed as  
 
cosi ia t                                                                                                (3.1) 
sini ia t                                                                                                (3.2) 
 
(b) 




here ω is the oscillation frequency, ai deﬁnes the amplitude of the body motion 
in the i
th
 mode and t represents the real time during the simulation.   
It is important to note that, the water depth d, gravitational acceleration g and 
ﬂuid density ρ are taken to be unity in all cases discussed onwards (unless 
otherwise specified), yielding results and time in the non-dimensional form. 
Other lengths are non-dimensionalised by the water depth. It should also be 
noted that the equation of force presented in Chapter 2 (Equation 2.35) is a 
general equation of force for the wave-structure interaction problem. In order 
to compute the forces for wave radiation problem, this general equation needs 
to be further modified by removing the force components caused by the wave 
maker and after modification the new equation of force is as follows 
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ξ α X X n
ξ α X X α ξ n
                                    (3.3) 
 
The vertical hydrodynamic force presented in this chapter will be the dynamic 
force obtained by subtracting the mean hydrostatic force from the total force in 
above Equation 3.3. 
 




In order to validate the developed numerical model, first of all the 
convergences of the computation have been studied using three different 
meshes. These three meshes are shown in Table 3.1. The nonlinear wave 


























radiation by a submerged cylinder undergoing forced sinusoidal oscillation in 
x direction is simulated using these various mesh configurations. For this 
particular analysis, the vertical cylinder is placed at D = 0.1d below the free 
surface level and is allowed to oscillate at a frequency of ω = 2.0 with motion 
amplitude a1 = 0.02.  
 
Table 3.1: Number of elements and nodes for different mesh arrangements 
 
 
Elements on side 
wall (circumferential 
  vertical) 
Elements on body 
surface (circumferential 







Mesh a 28   6 12   6 1001 3185 
Mesh b 40   6 16   6 1508 4543 
Mesh c 56   6 20   6 2122 5795 
 
 
Figure 3.2 Convergence of the wave profiles with different meshes with a1 
=0.02 and at various time steps; (a) t=5.0T; (b) t=7.5T 
 
Figure 3.2 shows the wave profiles generated by these different meshes along 
the diameter of the tank and at separate time instants, whereas the 
corresponding time history of the wave elevation at x = -0.1 is shown in Figure 
3.3. It should be noted that, in this thesis the parameter ‘time’ is always 
expressed in terms of wave period. As can be seen, the results obtain with 
three different meshes are very close in Figure 3.2, in fact mesh ‘b’ and mesh 
(b) 
(a) 
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‘c’ generates similar results whereas, mesh ‘a’ produces slight deviation in 
wave profile compared to other two meshes. However, the time histories of 
wave elevation at a certain point which are plotted in Figure 3.3 appear to be 
identical for all cases. Therefore, it can be concluded that the convergence 
rates of all results are very fast with regards to mesh sizes. 
 
 
Figure 3.3 Convergence of the wave elevation at x =-0.1 with different meshes 
at a1 =0.02 
 
 
Figure 3.4 Convergence of horizontal force on cylinder with different meshes 
at a1 =0.02 
 
Figure 3.4 depicts the time history of the horizontal hydrodynamic force acting 
on the oscillating cylinder for different mesh arrangements as considered 
above. As can be seen, the numerical results for the forces are very stable 
during the whole simulated period and the initial ramp function provides a 
smooth transition from the initial condition to the fully developed steady state. 
In addition, compared to the wave profiles and wave elevation; the force 
obtained for different meshes are also quite similar which again ensures the 
convergence of the numerical model. 
Similarly, the convergence of the above numerical results has been verified 
with two different time step ( t ) 0.01T and 0.025T and using mesh ‘b’ in both 
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cases. Figure 3.5 illustrates the resulting wave profiles at t = 7.5T for these 
time steps, and Figure 3.6 depicts the corresponding time history of the wave 
elevation at x = -0.1. A careful observation of these figures reveals no 
significant difference between the results obtained with
0.010 and 0.025t T t T    . Based on this finding, for the analyses 
presented in Chapter 3 and 4, t = 0.02 is used as time step except for the 
cases where wave maker motion amplitude is greater than 0.02. In such case 
t  = 0.01 is used. For all other simulations presented in rest of the thesis 
(Chapter 4 to 6), 0.01 is used as the time step unless otherwise specified. 
 
 
Figure 3.5 Convergence of the wave profiles with different time step at t =7.5T 
 
 
Figure 3.6 Convergence of the wave elevation at x = -0.1 with different time 
step 
 
3.2.2 Tank radius selection 
 
In this subsection several wave tanks with different radius (R) are studied in 
order to select a reasonably sized domain which in turns will help to generate 
simulation output without noticeable reflections from sidewall. The cylinder in 
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this case is allowed to oscillate with motion amplitude of a1 = 0.03 and all 
other governing parameters are kept similar to previous subsection. 
Figure 3.7 shows the time history of wave elevation obtained at x=-0.1 for 
three different tank sizes and Figure 3.8 illustrates the wave profiles recorded 
at t = 7.5T. As noticed, the responses in smallest tank (R/d = 1.5 ≈1.0λ) are 
clearly distinguishable from the responses in medium and large tank. In fact, 
the outputs of latter two tanks are relatively similar and because of these 
resemblances the medium tank with R/d = 2.5 is chosen for all the forthcoming 
analysis presented in this chapter. 
 
 
Figure 3.7 Time histories of wave elevation obtained in different tank 
(recorded at x = -0.1) 
 
 
Figure 3.8 Wave profiles at t= 7.5T for different sizes of tanks 
 
3.2.3 Optimization of damping coefficient 
 
The selection of an optimum value for the damping coefficient is very 
important in order to achieve the actual wave radiation results without any 
significant reflection from sidewall of the numerical tank. 















Hence, a number of cases are simulated using the already selected wave tank 
model by considering different values of the damping coefficient α in each of 
them. As already introduced in Section 2.2.2, α controls the strength of the 
damping layer and the higher the value of α, the stronger the damping layer 
supposed to be. However, if the damping layer is too strong it will act like a 
solid wall and wave will be reflected by it. Bearing this in mind, only three 
different values of α (= 1, 2, 3) are tested here. 
 
 
Figure 3.9 Wave profiles obtain at t = 10 T for different values of α 
 
Figure 3.9 shows the wave profiles generated by a submerged vertical cylinder 
under oscillating surge motion with similar modeling conditions as mentioned 
in previous subsection, except different values of damping coefficient α in 
each case. As can be seen, the wave heights near the tank perimeter became 
almost zero, which means the damping layer implemented in those areas has 
effectively dampened the radiated waves irrespective of α values chosen there. 
Although, the results obtained with α=1 appeared to be slightly different from 
the results with higher values, but α value greater than 2 does not generate 
much differences either. As a result, α=2 is taken as optimum value to 
simulate the damping layer for rest of the studies. 
 
3.3 Fully submerged sphere in heave motion 
In this section the wave radiation by a submerged heaving sphere in a circular 
cylindrical tank is simulated to test the accuracy of the present numerical 
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model in simulating the nonlinear wave patterns and in providing with the 
resulting wave forces and other hydrodynamic parameters as well. Ferrant 
(1991) has also studied this case using a coupled time and frequency domain 
approach.  
 
Figure 3.10 Comparison for vertical forces in time for various combinations of 
k1 and a/r ratio 
 
In his study, Ferrant used a semi nonlinear time domain formulation for the 
three-dimensional wave radiation problem with a free surface. A submerged 
sphere with a mean depth of submergence equal to the sphere diameter is 
placed in the domain and starting from the rest, the body is given a purely 
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harmonic motion. Figure 3.10 compares the results of present study and 
Ferrant’s analysis for two different wave amplitude a3/r = 0.5 and 0.7 
associated with two values of the fundamental wave number (k1 = ω
2
r/g), k1 = 
0.1 and 2.0. Here, a3 and r represent sphere motion amplitude in vertical 
direction and radius of the sphere respectively. 
As can be seen, all time plots of vertical dynamic forces from Ferrant’s study 
agree quite well with present results. Except the initial differences, that is 
actually happened due to the application of an initial ramp function in the 
present analysis. Moreover, it is also noticeable that, the wave forces found in 
current study tends to increases with the increase of sphere radius or wave 
number. This phenomenon can be better visualized in Figure 3.11, where the 
variations of maximum heave forces are plotted against wave numbers for 
different sphere radius. It seems that, in present study the increases in force 
happened due to the nonlinear effect of the free surface boundary conditions, 
because with the increase of motion amplitudes and wave numbers, such 
nonlinearity is expected to become more prominent. On the other hand, in the 
analysis of Ferrant, the body boundary conditions are applied at the actual 
time depending body surface whereas the free surface conditions are 
linearized. This seems to be the reason of difference among the results and the 
output of present analysis in this case should be more accurate as fully 
nonlinear model is considered here. 
 
 
Figure 3.11 Variation of Heave forces with wave numbers: comparison of 
present results with Ferrant’s results for various a/r ratio 




It might be concluded that the findings of both studies agree reasonably within 
the lower ranges of wave frequency and motion amplitude and starts to deviate 
noticeably after that because of the nonlinearity arises in such situation. The 
ability of the present numerical model in simulating nonlinear wave 
interactions with submerged structures near to the free surface is therefore 
confirmed by this validation study.  
 
3.4 Wave radiation by a submerged vertical cylinder 
undergoing forced motion 
After establishing the correctness of the mathematical formulation and 
computer code, parametric studies are conducted in this section to investigate 
the hydrodynamic characteristics of submerged structures subjected to forced 
oscillatory motions. The numerical model already described in Section 3.1 is 
implemented to simulate this wave radiation problem and the cylinder is set to 
various translatory and angular sinusoidal motions. The influence of cylinder 
motion amplitude and frequency are then extensively studied for each of these 
motion types. 
 
3.4.1 Translatory motion: influence of motion amplitude 
 
In order to carry out this study, a submerged cylinder is placed at D = 0.1d 
below the free surface and set to surge, heave and combined surge-heave 
motion respectively at a constant oscillation frequency of ω = 2.0 with several 
motion amplitudes (a). As this subsection aims at analysing the effect of 
change of motion amplitudes in cylinder performance for example, wave 
elevation, wave profiles and hydrodynamic forces. Hence, rest of the 
parameters are kept unchanged. It is also important to indicate that, during the 
combined motion of the cylinder equal amplitude is used for both the surge 
and heave motion throughout the study.  
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Now, among the three types of motion investigated, Figure 3.12 here shows 
the wave profiles generated by the cylinder under pure heave motion with 
various amplitudes; Figure 3.13 represents the time histories of wave elevation 
at a defined point obtained for various amplitudes of combined surge-heave 
motion and Figure 3.14 shows the variation in time history of vertical dynamic 
forces on the cylinder under pure heave motion with the change of amplitudes.  
 
Figure 3.12 Wave profile at t = 9T for different heave motion amplitudes 
 
 




Figure 3.14 Variation in vertical dynamic wave forces due to change in heave 
motion amplitudes 
 
As can be seen from the first two figures, noticeable changes occur in wave 
profile and elevation with the rise of motion amplitude. Both of these 




responses gradually become complex and tends to form ripples, especially in 
wave profile. Formation of these ripples indicates the presence of significant 
nonlinearity as some higher harmonics appear. In contrast, Figure 3.14 clearly 
reveals that hydrodynamic forces are very stable during the whole simulation 
period and overall the presence of nonlinearity is not very strong in this case. 
Except the asymmetry near the crests which appears with the increase of 
amplitudes due to nonlinearity.  
In Figure 3.15, a summary of the influence of various motion amplitudes over 
hydrodynamic forces and wave elevation for surge, heave and combined 
motions are presented. Here the maximum values of wave forces and wave 
elevations (obtained after the steady state is reached) are plotted against the 
normalized amplitudes. The horizontal dynamic force of combined motion are 
plotted with pure surge motion output and the vertical dynamic force of 
combined motion are plotted with pure heave motion output for better 
comparison purpose. The maximum value of horizontal force associated with 
pure heave is found to be in an order of 10
-05
, whereas for pure surge, the 
vertical force seems to reach as much as 034 10 . Both of these forces can be 
considered very small, and the non-zero value might be due to the numerical 
error raised from the adopted asymmetric mesh; therefore, not shown in these 
plots.  
As noticed in Figure 3.15(a), nonlinearity in horizontal dynamic force for pure 
surge motion is not very strong, whereas in case of combined motion it is quite 
visible and seems to appear due to heave component of motion. Although 
based on linear theory, heave motion not supposed to contribute towards the 
horizontal force components. However, influence of heave here is quite 
significant which might be occurring either because of the nonlinearity present 
in heave motion or because of the nonlinear interactions between surge and 
heave during combined motion. 
Rest of the two plots (Figure 3.15(b, c)) shows the variation in maximum 
vertical dynamic force and wave elevation respectively, with the increase of 
motion amplitude. As observed, the nonlinear influence of heave and 
combined motion is quite prominent in these responses and both the 

























































parameters seem to vary rather similarly with the change of amplitude for 
heave and combined motion. That means during combined motion heave 
seems to dominate over the surge part. In fact, from all three plots of Figure 
3.15 it appears that only the heave and combined motions generate strong 
nonlinearity and the nonlinearity in combined motion is mostly controlled by 











Figure 3.15 Changes in maximum forces and elevation due to the variation of 
cylinder motion amplitudes; (a) Horizontal dynamic force, (b) vertical 
dynamic force, (c) elevation at x = -0.1 
 
In order to create a visual impression of the wave behavior above the moving 
cylinder, some snapshots of the wave profiles for a fully submerged cylinder 
under heaving motion with amplitude of 0.04 are given in Figure 3.16. 





Figure 3.16 Snapshots of wave profiles above the cylinder undergoing forced 
heave motion at various time instants (a3 = 0.04, ω = 2.0); (a) t =8.0T, (b) 
t =8.2T, (c) t =8.4T, (d) t =8.6T (e) t =8.8T, (f) t =9.0T 
 
3.4.2 Translatory motion: subjected to various oscillation 
frequencies 
 
Having considered the variation of motion amplitudes, the impact of change of 
oscillation frequencies on surge, heave and combined motion of submerged 
































cylinder is now studied in this subsection. For all the analysis presented here, 
the motion amplitude of the cylinder is kept constant at 0.02 and the cylinder 
is placed at D= 0.1d below the free surface. 
At first, the effect of frequency changes on pure heave motion of the cylinder 
is investigated and Figure 3.17 to Figure 3.19 illustrate the results in the form 
of time histories of wave elevation, wave profiles and hydrodynamic forces 
respectively; for three different oscillation frequencies. 
As observed from these figures, the phase of wave elevation and wave forces 
gradually shift from the phase of cylinder motion with the increase of 
oscillating frequencies, though the shifting of wave forces is less pronounced. 
It is also noticed that the normalized amplitude of wave elevations and wave 
forces increase abruptly with the increase of frequencies, which might be the 
effect of nonlinearities (as will be seen in Figure 3.20 - 3.22).   
 
 
Figure 3.17 Wave elevation histories at x ≈-0.1 for various frequencies of 
heave motion (a3=0.02) 
 
 
Figure 3.18 Wave profiles at t= 9.0T for oscillating cylinder with different 
frequencies, heave motion amplitude, a3=0.02 























Figure 3.19 Vertical hydrodynamic forces on the cylinder due to change of 
frequency under heave motion (a3=0.02) 
 
Similar investigation as above has been carried out for surge and combined 
heave-surge motion of the submerged cylinder as well. However, instead of 
showing the time histories for all those analyses; in Figure 3.20 to Figure 3.22 
only the overall Fast Fourier Transform (FFT) analysis of hydrodynamic 
forces and wave elevation are presented in order to realise the impact of 
frequency changes in case of surge, heave and combined motion of the 
cylinder. The components of dynamic horizontal force and vertical force 
acting upon the cylinder are plotted in Figure 3.20 and Figure 3.21 
respectively; whereas the FFT analysis of wave elevation is depicted in Figure 
3.22. The dynamic forces here are normalized by ρgan r3-n, where n denotes 
the number of harmonic. 
As expected and can be seen from Figure 3.20(a) and Figure 3.21(a), both the 
1
st
 harmonic of horizontal and vertical forces increase significantly with the 
increase of frequency. However, it seems that the combined motion does not 
produce any noticeable change here. This is expected, because during 
combined motion linear components of horizontal force and vertical force 
should receive nearly zero contribution from heave and surge respectively. 
On the other hand, comparison of Figure 3.20(b-c) reveals quite visible 
influence of combined motion to nonlinear components. As can be seen in 




 order horizontal force components from combined 
motion are significantly higher than that from surge motion. On contrary, 
Figure 3.21(b-c) shows that the 2
nd
 order contributions in vertical force are 

















































order though seems to have similar pattern but the components from combined 
motion seem to a bit larger compared to the pure heave motion.  
 
Figure 3.20 Change in maximum horizontal dynamic wave forces with 
frequency: (a) 1
st











 harmonic for combined 
motion 
 
Figure 3.21 Change in maximum vertical dynamic wave forces with 
frequency: (a) 1
st











 harmonic for combined 
motion 
 




 harmonics during surge seems to vary at 180 degree 
with the 1
st
 harmonic, except some exception at higher frequency (>2) when 
3
rd
 harmonic appears to have 90 degree phase angle relative to the 








 harmonics found to be 90 
and 270 degree most of the time. However, for combined motion no such 





phases appear to vary from 0 to 270 degree with the variation of frequencies. 
That means the harmonics can be sometime appears at in phase with the 
fundamental during the combined motion. 
 In short it can be concluded that, although it looks like the combined motion 
do not produce any significant effect (as long as linear aspects are considered); 
yet this combined nonlinear interaction of surge-heave motion can produce 
remarkable contribution towards the higher order components of wave forces 
which might be of interest in some practical applications. Besides, the 
remarkable influence of heave motion on the nonlinearity of the combined 
motion becomes evident here, which clearly explains the results shown in 
Figure 3.15.  
Figure 3.22 Change of maximum wave elevation with frequency at x=-0.1: (a) 
1
st
 harmonic; (b) 2
nd










Figure 3.22 provides the FFT analysis of wave elevations at a certain point (x 
= -0.1) up to the 3
rd
 harmonic. As can be seen, the first harmonic of combined 
motion seems to get out of phase response from both heave and surge, whereas 
2
nd
 harmonic appears to be in-phase. On the other hand, at higher harmonic 
(3
rd
) heave response dominates the output of combined motion and the 
components of surge show a somewhat steady pattern regardless of change of 
frequency. This seems reasonable as heave supposed to produce greater 
nonlinearity compared to surge motion.  
 
3.4.3 Angular motion: influence of pitch motion amplitudes 
 
In this subsection, nonlinear wave radiation by a fully submerged vertical 
cylinder undergoing forced sinusoidal pitch motions with various amplitudes 
(a5) in otherwise still water is studied. It should be noted here that compared to 
the BEM, re-meshing of computational domain involving such rotational 
components of body motion is very difficult for other volume discretized 
numerical models for example, finite element method.  
Now, for the BEM formulation of this subsection, a vertical cylinder of length 
l = 0.2d with radius r = 0.1d, is placed at 0.15d below the still water surface 
and set to pitch motion about a point 0.3d above the still water surface. The 
reason behind the choice of point of rotation above the free surface is to 
resemble this study with the motion of a submerged payload rigidly connected 
to a rigid cable, which will be studied in next chapter. 
Figures 3.23 and 3.24 show the time history of the vertical dynamic force on 
the cylinder and the resulting wave profile with ω = 2.0 for three pitch angles. 
In Figure 3.23 it seems that due to the second harmonic effects the trough 
looks a bit sharper than the crests, especially at higher amplitudes. Beside this, 
it is also evident that the vertical dynamic force has a non-zero positive mean 
and no phase change is observed with increasing amplitudes. However, the 
wave profiles for various pitch amplitudes in Figure 3.24 appear to have 
similar patterns except some ripples at higher amplitudes. The overall trends 






























































of vertical force and wave elevation (at x = -0.10) with respected to the pitch 
motion amplitude are represented in Figure 3.25. The maximum vertical force 
and wave elevation are plotted here considering the last three steady periods of 
the entire simulation time. Both the vertical force and the wave elevation show 
variable nature with the increase of motion amplitudes. The variation of 
vertical force is quite straightforward; conversely, the wave elevation shows 
some nonlinearity with the increase of motion amplitudes. 
 
Figure 3.23 Time history of vertical dynamic force for various pitch motion 










Figure 3.24 Wave profile at t = 9T for various pitch motion, at  = 2.0 
 
Fig 3.25 Variation of maximum vertical wave force and wave elevation with 
pitching amplitude. (a) Vertical dynamic force. (b) Wave elevation 
recorded at x = -0.10 on the symmetric line. 
 
(a) (b) 


























































3.4.4 Angular motion: changing frequency of pitch motion 
 
Next, the variation of pitching frequency is considered to see how it affects the 
wave elevation, force and moment acting upon the pitching cylinder. Figure 
3.26 to 3.28 provide the results of analysis where the cylinder is set to oscillate 
with a constant pitching amplitude of a5 = π/30 and is subjected to various 
pitching frequencies. As can be seen in Figure 3.26 both the vertical force and 
moment increase quite noticeably with the increase of frequency. However, 
the vertical force seems to have a frequency twice that of the moment 
response, which is reasonable because when the cylinder oscillates over the 
half of a cycle the vertical force will change the direction once. Also, unlike 
the moment, the vertical force poses a non-zero mean at higher frequencies. 
Slight phase shift is also observed in the vertical force with higher frequencies, 
whereas no such changes are recorded during the variation of motion 




Figure 3.26 Time history of vertical dynamic force and moment for various 
pitch frequencies with a5 = π/30. (a) Force. (b) Moment 
(a) 
(b) 
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Figure 3.27 Wave profile at t = 9T for various pitch frequencies with a5 = π/30 
 
Moreover, in contrast to the wave profiles generated during the change of 
motion amplitudes, the wave profiles here in Figure 3.27 capture fairly 
distinguishable patterns for different frequencies, which are expected as the 
wave lengths are different in this case. In addition, high frequency motion 
seems to generate more severe waves as the body moves with higher velocity 
and acceleration in such case. Finally, the variation of maximum vertical force 
and moment with respect to kr is plotted in Figure 3.28 in order to visualise 
the overall effect of frequency change. Both the force and moment tend to 








Figure 3.28 Variation of vertical force and moment with pitching frequency. 
(a) Force. (b) Moment 
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3.4.5 Submerged cylinder under combined heave and pitch motion 
 
This final subsection analyses the combined effect of heave and pitch motion 
on hydrodynamic forces and wave responses generated by the cylinder. In 
order to do so, few cases are designed to have a combined heave and pitch 
motion of the cylinder and in all cases the heave motion amplitude is kept 
constant (a3= 0.01), while the pitch motion angle (a5) is varied over a range of 
‘0’ to π/20. This strategy is chosen because the main objective here is to 
investigate the influence of pitch motion in terms of producing nonlinear 
effects. It should be noted that for the analysis of this subsection the 
submerged cylinder is placed at D = 0.15d below the free surface and is 
allowed to have a forced sinusoidal pitch motion about a point 0.3d above the 
free surface. Also the wave frequency is kept constant at ω = 2.0 for all cases.     
 
 
Figure 3.29 Comparison of vertical dynamic forces for various pitch motion 
amplitudes (ω=2.0, heave amplitude, a3=0.01) 
 
 
Figure 3.30 Comparison of horizontal dynamic forces for various pitch motion 
amplitudes (ω=2.0, heave amplitude, a3=0.01) 
 















































Figure 3.29 and Figure 3.30 show the variation in time histories of the vertical 
and horizontal dynamic force acting on the cylinder because of different pitch 
amplitudes. It is evident from Figure 3.29 that the vertical dynamic force starts 
to gain a non-zero positive mean with increasing pitching amplitudes and the 
influence of pitch motion becomes visible, because the vertical force for pure 
pitch motion has a double frequency. In contrast, the horizontal force depicted 
in Figure 3.30, though near to zero without pitch motion, seems to increases 
consistently with the rise of pitch angle.  
 
 
Figure 3.31 Wave profile behavior at t=9T with several pitch motions (ω=2.0, 
heave amplitude, a3=0.01) 
 
 
Figure 3.32 Time histories of wave elevation recorded at x= -0.1 for different 
pitch amplitudes (=2.0, heave amplitude, a3=0.01) 
 
The complexities of wave profiles also seem to increase as more ripples 
appear at higher amplitudes (Figure 3.31). These ripples indicate that some 
higher-order nonlinear components induced by the larger pitch amplitude are 
superimposed on the basic linear solution obtained at the smaller pitch 
amplitude. The time history of wave elevation (Figure 3.32) also confirms the 
presence of considerable amount of nonlinearities. The elevation history starts 
to gain a strong negative mean value with the increase of angular motion and 




thus creating a comparatively sharper trough. In brief, it can be concluded that 
compared to the linear combined motion, the rise of angular pitch motion 
amplitude introduces significant nonlinear behaviour in hydrodynamic 
responses produced by the submerged structure especially, in vertical 
hydrodynamic force, wave profile and wave elevation. 
 
3.5 Summary 
In this chapter, a three-dimensional fully nonlinear numerical wave model is 
adopted to simulate the wave interaction with fully submerged structures 
subjected to forced sinusoidal motions. For the purpose of validation, at first 
wave radiation by a fully submerged sphere is simulated using the present 
numerical model and comparisons are made with other numerical results. A 
good agreement between the two findings demonstrates the capability of the 
present model for solving highly nonlinear, near surface problems.  
After that, wave radiation by a fully submerged vertical truncated cylinder 
undergoing forced heave, surge and combined heave-surge motions is 
analysed and brief parametric study is performed to determine the effect of 
motion amplitudes and frequencies over the hydrodynamic parameters of 
interest. With the increase of amplitudes, the combined motion significantly 
affects both the vertical and horizontal hydrodynamic forces. However, the 
nonlinearity in force components during combined motion seems to govern by 
heave amplitude. Similarly, the wave elevation for combined motion also 
appears to be dominated by heave amplitude as the elevation in such case is 
almost similar to that of pure heave elevation. The combined motion also 
appears to generate noticeable variation in outputs with the increase of motion 
frequency.  
Finally, the influence of pitch motion on cylinder performance is investigated 
(which is the foundation of the studies presented in forthcoming chapters) and 
it is found that the increase of angular amplitude can cause significant 
nonlinear effect towards the global response of the cylinder during a combined 
heave-pitch motion.  
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Chapter 4: Wave interactions with submerged 
structure in constrained motion 
 
The interaction between fully nonlinear water waves and fully submerged 
fixed or moving structures is investigated in this chapter. At first, wave 
interaction with a submerged fixed horizontal cylinder is computed and 
compared with experimental and other numerical results. After that 
parametric study is performed to obtain numerical results for a vertical 
cylinder undergoing constrained pitch motions while attached to a rigid cable, 
which could represent the submerged payload of an offshore crane vessel 
subjected to wave actions. More simulations are carried out later to 
investigate the hydrodynamic features of the submerged vertical cylinder 
attached to a cable for constrained motion and moving towards sea bed at a 
constant velocity in water waves.  
 
4.1 Model description 
The same rectangular numerical wave tank introduced in Chapter 2 is 
implemented here. However, the simulation of the physical problem 
considered in this chapter only includes a fully submerged truncated vertical 
cylinder inside the wave tank. This cylinder is attached to a cable from the top 
and its constrained motion is assumed to be subjected to the following 
conditions: 
(i) The cylinder is regarded as a rigid concentrated mass in its centre of mass, 
and is allowed to have pendulum motion only without twisting.  
(ii) The cable is taken as a rigid rod. This assumption is valid as long as the 
oscillations of the load in the vertical direction are small and the rope 
remains in tension.  
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(iii) The cable is attached to the centre point of the top surface of the cylinder 
and the cylinder is allowed to have constrained motion under wave action 
(motion with respect to cable origin point only). 
Based on the above mentioned assumptions, the following nonlinear equation 
of motion of a real pendulum is implemented in order to simulate the 





( cos sin )( ) ( )x z
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f f L m L
dt

                                                                (4.1) 
 
Here, m is the mass of the cylindrical body concentrated at its center of mass; 
L is the distance between the rigid cable origin and the center of mass of the 
cylindrical payload. ξ5 is the angular displacement of the vertical cylinder at 
the cable origin with respect to the vertical plane, fx and fz are the horizontal 
and vertical dynamic forces on the submerged cylinder respectively.  
 
 
Figure 4.1 Submerged vertical cylinder in numerical wave tank 
 
Figure 4.1 above depicts a slightly modified version of the model introduced 
in Chapter 2. This revised figure clearly describes the simulation environment 
of present analysis. All lengths here are non-dimensionalised by the water 
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depth d. The total tank length is taken as 7.5 in most of the cases described in 
this chapter. During the simulation, only half of the wave tank is considered 
due to symmetry, and the half-width is taken as 0.5 that is equivalent to five 
times the cylinder radius. The wave maker is placed at x = −4.375 (at the left 
end side of the tank) and a monochromatic wave is generated by this piston-
like wave maker undergoing the following motion:  
 
   





S t a t






                                                                                       (4.2) 
 
where S0(t) and U0(t) are the displacement and velocity of the wave maker 
respectively, and a and  are the corresponding motion amplitude and 
frequency of the wave maker. The damping zone is situated near the right 
hand end of the wave tank and is formulated based on the methodology 
already described in Section 2.2.2. The damping layer starts at a distance of 
one incident wave length measured from the far right end of the tank. 
To generate meshes on the half numerical tank including the cylindrical body, 
a total of 2206 elements are used. In the horizontal plane, 60 elements are 
placed in the x direction and 5 elements in the y direction along the boundary 
line of the tank. On the other hand, 6 elements are placed in the vertical 
direction to generate meshes on each solid boundary surface. The resulting 
vertical solid tank surface along the x direction contains 360 elements whereas 
the vertical solid tank surface along the y direction has only 30 elements. 
Another 204 elements are used to simulate half of the cylindrical payload (96 
elements on the side surface and rest on the top and bottom surfaces). The 
remaining 1582 elements are generated on the free surface.  
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4.2 Fixed horizontal cylinder beneath waves 
In this section, the present numerical model is implemented to simulate the 
experiment conducted by Chaplin (1984) who measured the nonlinear force on 
a horizontal fixed cylinder under waves in a wave flume. In his study, Chaplin 
analysed the influence of the Keulegan-Carpenter (KC) number on the 








                                                                                     (4.3) 
 
where H is the wave height, a the wave amplitude, r the cylinder radius, k the 
wave number, and zc the cylinder submergence. Chaplin's results are in good 
agreement with Ogilvie (1963) when the wave steepness is low, but important 
nonlinear effects were experimentally observed for higher steepness. Grue and 
Granlund (1988) also carried out some experiments, focusing on the diffracted 
waves.  
For the validation of current study, the case ‘E’ in Chaplin’s experiment is 
selected for the comparison of hydrodynamic forces. At the same time, the 
present results are also compared with another numerical study published by 
Guerber et al. (2010) where possible. A cylinder of radius r = 0.051 m is 
placed at zc = 0.102 m under the undisturbed free surface, whereas the depth 
of the tank is d = 0.85 m. The total length of the numerical tank is 25.5 m and 
the full width of the tank is taken as 0.6 m. At x = 9.375 m, i.e. the left end of 
the wave tank, a monochromatic wave is generated by a piston-like wave 
maker and the wave period is T = 1.0 sec. In the present study the influence of 
the KC number on the hydrodynamic forces is investigated by varying the 
wave amplitude from 0.001 m to 0.028 m.  
Following Chaplin (1984), the non-dimensional horizontal and vertical forces, 
Fx and Fz, are written as Fourier series and the amplitudes of the harmonics are 
computed with a FFT over the last 3 wave periods of the simulations: 
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where  is the water density, the superscript (n) denotes the associated 
variable is the nth order component,  is the phase angle, and  = 2π/T is the 
wave frequency where T is the wave period. Figure 4.2 shows the time history 
of horizontal and vertical dynamic forces for various KC numbers, whereas 
Figure 4.3 represents the corresponding wave elevation history at a point with 
x = 0.1 on the symmetric line. Since both the forces and the wave elevation are 
plotted relative to the incoming wave amplitude, these non-dimensional 






Figure 4.2 Time history of horizontal and vertical dynamic forces on the 
submerged horizontal cylinder for various KC numbers. (a) Horizontal 
force. (b) Vertical force. 
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Figure 4.3 Time history of wave elevation at x = 0.1 on the symmetric line for 
various KC numbers. 
 
The change of mean vertical forces with respect to the KC number is plotted in 
Figure 4.4 using the logarithmic scale. From this figure it is clearly 
understandable that the present result shows a good agreement with both the 
experimental result of Chaplin (1984) and the numerical analysis of Guerber et 
al. (2010). However, the first harmonic of the vertical and horizontal forces 
(depicted in Figure 4.5) shows a considerable deviation with Chaplin’s 
experimental results with the increase of KC number. Except for the small 
values of KC number, the decrease of the experimental first-order coefficient 
is not reproduced by the present model. It seems that, the decrease in 
experiment happens due to the viscous effect and the recirculation created 
around the body (Chaplin, 1984). This thought is also supported by the study 
of Tavassoli and Kim (2001). They observed the same kind of decrease in 
their simulations performed in a viscous numerical wave tank. Chaplin (1984) 
also noticed that the magnitudes of the horizontal and vertical forces are very 
close; therefore, he drew them together in the figure. In the present study, 
these similarities in magnitudes of the forces in the two directions are also 
well captured. Furthermore, the present analysis agrees quite well with the 
similar potential flow model, for example, the numerical study of Guerber et 
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Figure 4.4 Comparison of mean vertical force on the horizontal cylinder with 














Figure 4.5 First harmonic of horizontal and vertical forces on the horizontal 
cylinder 
 
Figure 4.6 and 4.7 shows the comparison of second and third harmonics of the 
vertical forces with respect to the KC number. Compared to the first harmonic, 
the second and third harmonics are in good overall agreement with both the 
experiments and the numerical analysis, especially the third harmonic.  


























Figure 4.7 Third harmonic of vertical force on the horizontal cylinder 
 
Overall, it can be summarized that the present study provides similar results 
with the experimental analysis of Chaplin (1984) up to the point where the 
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that viscosity of the fluid starts to have important influence as KC number 
reaches the value of 0.6 in case of the first harmonic of vertical force. At 
higher values of KC number, the viscous flow simulation by Tavassoli and 
Kim (2001) seems to fairly agree with Chaplin’s experiment. Other numerical 
models based on the potential theory, such as Koo and Kim (2004) using the 
boundary element method, Kent and Choi (2007) using the HOS method, also 
recorded similar kind of behavior without any better agreement. Furthermore, 
the nonlinear higher harmonics can be captured quite well in the present study. 
The ability of the present numerical model in simulating nonlinear wave 
interactions with submerged structures near to the free surface is thus also 
confirmed by this validation.  
 
 
Figure 4.8 Wave past a submerged fixed horizontal cylinder at various time 
instances with KC = 0.91. (a) t = 12T. (b) t = 12.5T 
 
It might also be worthwhile to mention here that, no instabilities of the free 
surface or breaking of waves passing over the cylinder is observed throughout 
this numerical study (within the chosen amplitude limits). In this connection, 
Figure 4.8 illustrates the simulated free surface along with the submerged 
horizontal cylinder for two different time instances. The free surface is 
truncated on both the left and right side; also the cylinder cross-section is 
magnified to ensure the better representation of the image. As can be seen in 
(a) 
(b) 
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this picture, the unstructured triangular mesh generated on the free surface is 
quite uniform and regular. The scattered wave above the cylinder due to the 
presence of the submerged cylinder is also noticeable in these snapshots. 
 
4.3 Fully submerged cylinder attached to rigid cable and 
subjected to constrained motion 
In this section a comprehensive investigation is presented to understand the 
fully nonlinear wave interaction with a fully submerged vertical cylindrical 
payload which is attached to a rigid cable and is allowed to have pendulum 
motion only with respect to the cable origin point. The same rectangular 
numerical wave tank depicted in Figure 4.1 is applied throughout the study of 
this section. The water depth d, gravitational acceleration g and the ﬂuid 
density ρ are taken to be unity as before. However, this time the density of 
cylindrical payload has to be considered as well and is taken as 1.2ρ which is 
found to be enough to maintain a constant tension in the rope, thus justify the 
rigid cable simplification considered during the formulation of the problem. 
Beside these, a vertical cylinder of length l = 0.2d with a radius r = 0.1d is 
considered in this section. 
A number of test cases are designed to perform a comprehensive study of the 
various submerged payload scenarios described in the following subsections. 
Table 4.1 represents a complete list of these cases analyzed under each 
subsection. Here, D represents the vertical distance between the undisturbed 
free surface level and the cylinder top surface. The definition of the variables 
cbl and mod will be found in Sections 4.3.1 and 4.3.4 respectively. 
 
4.3.1 Influence of different cable length 
 
At first, the influence of cable length variation on cylinder response and 
resultant moment is considered and the findings are illustrated in Figure 4.9 to 
Figure 4.11. It is important to note that, the cable length is changed by moving 
the origin point of the cable. The initial under water position of the cylinder 
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remains unchanged during this process, which is 0.2d below the undisturbed 
free surface. Moreover, the motion amplitude of the wave maker a/r and the 
wave frequency  are also kept constant at 0.15 and 2.0 respectively for all the 
analysis of this subsection. Hence, the wave length λ is also constant at 1.57d. 
 
 
Table 4.1: Test cases for fully submerged cylinder attached to rigid cable 
 
Number   
of Cases 
cbl/d a ω D/d mod/d 
4.3.1  Influence of different cable length 
3 0.4, 0.6, 0.8 0.015 2.00 0.20 N.A. 
4.3.2  Variation of motion amplitude of wave maker 
5 0.5 0.005 to 0.025 2.00 0.20 N.A. 
5 0.5 0.005 to 0.025 2.25 0.20 N.A. 
4.3.3  Effect of wave frequency 
5 0.5 0.010 1.50 to 2.50 0.20 N.A. 
5 0.5 0.015 1.50 to 2.50 0.20 N.A. 
4.3.4  Cylindrical payload subjected to constant downward velocity 
4 0.7 0.005 2.00 0.15 0.005 to 0.020 
4 0.7 0.010 2.00 0.15 0.005 to 0.020 
4 0.7 0.015 2.00 0.15 0.005 to 0.020 
4 0.7 0.020 2.00 0.15 0.005 to 0.020 
 
 
Figure 4.9 shows a 3D trajectory of the cylinder in time around the central y 
axis for the case with cbl = 0.4d, where cbl denotes the distance between the 
rigid cable origin and the top surface of the cylinder. The curve at the very 
right of Figure 4.9 provides the “XZ projection” of the entire trajectory to 
reflect the overall pattern of the path the cylinder followed and the maximum 
displacement attained by it during the full simulation period. As can be seen, 
the displacement of the cylinder is not symmetric about the centre line and its 
magnitude is not in a regular pattern, due to the interaction with fully 
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nonlinear waves. The time series of horizontal displacement for this case is 










Figure 4.9 3D cylinder positioning with respect to time with cable length of 
0.4d (initial cylinder position at center line) 
 
 
In Figure 4.10 the time history of the moment with different cable lengths is 
plotted. A significant increase in moment due to the increase of cable length is 
visible there. This variation in moment seems to have a proportional 
relationship with the cable length. However, no such unswerving conclusion is 
evident in case of the cylinder displacement as depicted in Figure 4.11. The 
non-dimensionalized horizontal displacement of the cylindrical payload is 
presented in this figure. Though some differences can be identified, but the 
overall amplitudes for various cable lengths seem to be similar. This may lead 
to the following conclusion; variation of cable length does not produce 
noticeable impact on the horizontal displacement of the cylinder, while other 
parameters like motion amplitude of the wave maker and frequency are kept 
constant. 
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Figure 4.10 Moments about the origin of the cable for different cable lengths 
at a = 0.015 and  = 2.0 
 
 
Figure 4.11 Change in horizontal displacements due to the variation of cable 
length at a = 0.015 and  = 2.0 
 
 
4.3.2 Variation of motion amplitude of wave maker 
 
In this subsection, the moment, rope tension and angular displacement of the 
cylinder around the cable origin are calculated for several amplitudes of the 
wave maker subjected to two different wave frequencies:  = 2.0 and 2.25. 
For each of these frequencies five different motion amplitudes of the wave 
maker are considered ranging from 0.005 to 0.025. The cylinder is placed 0.2d 
below the undisturbed free surface and a constant cable length, cbl = 0.5d, is 
considered throughout this and rest of the subsections, unless otherwise 
specified.  
Figure 4.12 shows the overall variation of the maximum moment and rope 
tension, whereas Figure 4.13 represents the change in maximum angular 
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displacement due to the variation of motion amplitudes of the wave maker. If 
the problem considered is linear, in principle, the result should be invariant 
with the change in motion amplitudes of the wave maker (a straight horizontal 
line in the figures). However, from these figures, it is evident that the effect of 
nonlinearity is visible for all the cases. In addition, it is also seen that higher 
frequencies are generally producing lower responses for all the parameters 
studied here. This phenomenon will be studied more comprehensively in next 
subsection.  
 
Figure 4.12 Comparison of maximum moment about the cable origin and 
maximum dynamic cable tension for different motion amplitudes of wave 









Figure 4.13 Change in maximum pitch angle due to the variation of motion 
amplitude of wave maker at two wave frequencies 
(a) 
(b) 
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4.3.3 Effect of wave frequency 
 
At this stage, the wave interaction with the submerged cylindrical payload 
attached to a cable is simulated under the action of waves of several wave 
frequencies. At first a single motion amplitude of the wave maker a = 0.01 is 
considered. As can be seen in Figure 4.14 and Figure 4.15, the time history of 
the rope tension in this case is more regular compared to the angular 
displacement of the cylinder. Both the tension and pitch angle tend to undergo 
a phase shift at higher wave frequencies and the angle of pitch also becomes 
lower at higher wave frequencies.  
 
 




Figure 4.15 Angle of pitch subjected to various wave frequencies at a = 0.01 
 
 
The similar analysis is repeated for another motion amplitude of the wave 
maker, a = 0.015. The overall response pattern of the maximum moment, rope 
tension and angular displacement for both of these two amplitudes are then 
summarised in Figure 4.16. All the three parameters seem to decrease at 
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higher frequencies, though the moment and rope tension show slight increase 
at lower frequencies. Beside these, higher amplitude generally seems to 
produce higher response, especially in the angular displacement. However, the 
moment and rope tension are not very sensitive to these two incident wave 
amplitudes. Nevertheless, as a whole it may be concluded that higher 
frequency is better to reduce the responses and when combined with smaller 










Figure 4.16 Variation in maximum values of key parameters with respect to 
wave frequency and motion amplitude of wave maker. (a) Moment. (b) 
Cable tension. (c) Pitch angle 
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4.3.4 Cylindrical payload attached to cable and subjected to 
constant downward velocity 
 
The final subsection of this study investigates the behaviour of a cylindrical 
payload under the coupled influence of wave action and downward motion of 
a rigid cable. This simulation can be correlated with the real life phenomenon 
of lowering the payload of an offshore crane vessel through the waves. In 
order to understand the scenario, the moment, rope tension and angular 
displacement of the cylinder are studied and compared from various point of 
views. A comparatively longer cable length (cbl = 0.7d) is chosen to study the 
present situation, and the cylinder in this case is initially placed at 0.15d below 
the undisturbed free surface. At the very beginning of the simulation period, a 
considerable amount of resting periods are given before setting the cylinder to 
downward motion in order to allow the wave to reach the cylinder. It was 
found that the time of t = 5.5T is quite sufficient as the resting time and the 
cylinder is set to a constant downward motion after that. A new variable 
“mod” is introduced here to represent the constant velocity of the downward 
movement, whose unit is defined as distance per wave period, instead of 
distance per second. 
Initially, the interaction of waves at various motion amplitudes of the wave 
maker with a moving cylinder is studied. To do so, a constant wave frequency 
 = 2.0 and a constant downward velocity mod = 0.01d is considered. Figure 
4.17 and Figure 4.18 represent the time history of the angular displacement, 
rope tension and moment respectively. As can be seen, all the parameters 
decrease in time as the cylinder moves towards the sea bed, because the wave 
energy is concentrated on the free water surface. However, the decreasing 
trends in the moment and rope tension are more regular and somewhat more 
pronounced, especially in case of the rope tension. On contrary, the decrease 
in the angular displacement is fairly irregular, particularly before 15 time 
periods. This indicates that the cylinder attached to a rope can experience quite 
reasonable response under the wave action even at deeper positions. Also, it 
seems that when a cylinder attached to a rigid cable is moving downward, 
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changing of incident wave amplitudes generally does not make a significant 
difference in the output. 
 
 
Figure 4.17 Angle of pitch of a cylindrical payload attached to a cable in 






Figure 4.18 Cable tension and moment on a cylindrical payload attached to a 
cable in waves of various motion amplitudes of wave maker with mod = 
0.01. (a) Tension. (b) Moment 
 
After the above analysis, several cases have been simulated with different 
downward velocities of the cylinder, keeping other inputs the same. The 
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motion amplitude of the wave maker and wave frequency here are fixed at 
0.015 and 2.0 respectively. The findings are presented in Figure 4.19. Figure 
4.19(a) and Figure 4.19(b) show the time history of the moment and rope 
tension, highlighting the peaks (both negative and positive) only. The 
decreases in values with time for both of the parameters are clearly visible 
here; especially with higher mod the decrease is more pronounced. This 
response is reasonable and acceptable as within a certain time the cylinder 
with the higher mod moves towards a deeper position compared to other 
cylinders with lower speed. In figure 4.19(c) it seems that the cylinder is 
showing a considerable movement when it is sufficiently below the free 






Figure 4.19 Peak analyses (both positive and negative) for moment and cable 
tension due to different downward velocities. (a) Moment. (b) Tension. 
(c) Real time cylinder positioning 
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Figure 4.20 to Figure 4.22 summarize the overall trend in the variation of 
maximum moment, angular displacement and rope tension for several motion 











Figure 4.20 Changes in moment with respect to moving downward speeds for 










Figure 4.21 Changes in pitch angle with respect to moving downward speeds 
for various motion amplitude of wave maker 
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Figure 4.22 Changes in rope tension with respect to moving downward speeds 
for various motion amplitude of wave maker 
 
As can be seen, all of these parameters decrease with the increase of 
downward velocity of the cylindrical payload. However, the fall of moment is 
more pronounced compared to that of pitch angle and rope tension. Apart from 
these, overall it seems that with the increase of incident wave amplitude the 
change in moments are very small whereas the other two parameters show 
quite noticeable variations; the angular displacement rises with the increase of 
incident wave amplitude and at the same time the rope tension shows the 
opposite behavior and hence decreases. 
Finally, some snapshots of the numerical wave tank simulating the fully 
submerged vertical cylinder attached with a cable and subjected to wave 
action are presented in Figure 4.23 for illustration purpose. 
 




Figure 4.23 Snapshots of underwater cylinder attached to a rigid cable without 
downwards motion at 4 different time instants, a =0.025,  = 2.0, cbl 




In this chapter, a three-dimensional fully nonlinear numerical wave model is 
presented to simulate the wave interaction with fully submerged structures: 
fixed or subjected to constrained motions. For the purpose of validation, a 
fixed horizontal cylinder subjected to wave actions is simulated by using the 
present numerical model, and comparisons are made with other numerical and 
experimental results. In this case, the viscosity of the fluid plays a significant 
role. Apart from this effect, the present study provides similar results with the 
experimental analysis. In addition, the higher harmonics can be captured quite 
well in the present study, which demonstrates the capability of the present 
model for solving highly nonlinear problems.  
(a) (b) 
(c) (d) 
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After that, the model is extended to simulate the scenario of a cylindrical 
payload hanging from a rigid cable and subjected to wave actions. Parametric 
studies are performed to understand the hydrodynamics of this hanging 
cylinder. As observed, variation of cable length does not produce noticeable 
impact on the horizontal displacement of the cylinder. However, a significant 
increase in moment due to the increase of cable length is noticed. Beside this, 
it is also found that with the change of wave frequency the moment, rope 
tension and angular displacement seem to decrease as the frequency rises.  
Finally, the cylinder is allowed to move towards sea bed at a constant velocity 
while it is still under the wave action. During this process, all the 
hydrodynamic parameters decrease in time as the cylinder moves towards the 
sea bed. It is found that the variation of incident wave amplitudes does not 
affect the moment significantly whereas the increase of downward moving 






















Chapter 5: Numerical modeling of fixed crane 
barge and submerged payload 
 
The interaction of a fixed fully submerged cylindrical payload with a fixed 
floating barge in different wave conditions is studied in this chapter. The main 
purpose of this study is to have a deep insight into the influence of a crane 
barge on its payload, from which a possible shielding effect can be identified. 
Firstly, the numerical model is verified by the study of rectangular floating 
barges in waves. The verified higher order boundary element method code is 
then applied to numerically model the barge and submerged payload under 
various environmental scenarios. Extensive parametric studies are performed 
to understand the hydrodynamic characteristics of individual setup and 
comparative conclusions are drawn to summaries the key findings.   
 
5.1 Model description 
The rectangular numerical wave tank model described in Section 2.1.1 is 
applied to study the various scenarios presented in this chapter. To simulate 
the considered physical problem, a floating barge and a fully submerged 
truncated vertical cylinder near to it are placed inside the three-dimensional 
wave tank. Both the barge and submerged cylinder are considered fixed for the 
analysis performed here, and the moving situation will be considered in the 
next chapter. The similar piston like wave maker formulated earlier by 
Equation (4.2) is implemented to generate the waves. The three main scenarios 
investigated in this chapter are: 
 Head sea: Barge in head sea (facing the incoming waves in lengthwise 
direction) with the submerged cylinder beside it. 
 Beam sea (Up): Barge in beam sea (facing the incoming waves in 
widthwise direction) with the submerged cylinder in upstream side (the 
wave passes the cylinder before hitting the barge) 




 Beam sea (Down): Barge in beam sea (facing the incoming waves in 
widthwise direction) with the submerged cylinder in downstream side 
(the wave passes the cylinder after hitting the barge) 
 
The top view layouts of these three setups are depicted in Figure 5.1 with 
necessary model dimensions (not in scale, for visualization purpose only). The 
barge considered here is actually a scaled down (around 65 times) model of an 
existing crane barge ‘Asian Hercules II’ (AsianLift, 2005) and the gap 
between the barge and payload are also scaled down accordingly. 
 
 
Figure 5.1 Different numerical model setups with corresponding particulars 
 
 
Here, d is the depth of the numerical tank whereas λ represents the wave 
length. As can be seen in head sea configuration, a rectangular barge with 
length L = 1.4d (including the two rounded corner of radius 0.1 at both ends), 




width B = 0.7d (also considering the two rounded corner of radius 0.1 at both 
ends) and draft D = 0.12d is placed at the center of the numerical tank (z will 
be positive upwards) and a fully submerged cylinder with radius r = 0.16d and 
length l = 0.2d is placed at a distance of 0.19d from the sidewall of the barge. 
The top surface of the submerged cylinder is 0.15d below from the free 
surface level. All these particulars related to the barge and cylinder 
arrangements are kept unchanged in both the beam sea (up) and beam sea 
(down) cases and only the orientation of the barge and cylinder are altered. 
However, the dimension of the numerical tanks varies reasonably among the 
configurations to simulate the cases successfully by avoiding significant wave 
reflections from the side wall (this will be discussed more in Section 5.3.1). 
Nevertheless, for all three models the wave maker is placed at the very left end 
(negative x direction) of the tank while a damping layer having length of 1.5 λ 
is placed at the far end.  
In addition to above three configurations, some other simple cases (for 
example, only a submerged cylinder, only a barge in head sea and only a barge 
in beam sea) are also simulated and output results are compared among all the 
cases where applicable. 
Unlike the cases presented in previous chapter (Chapter 4), the entire 
numerical domain is simulated in all the analysis of this chapter; because some 
of the geometric configurations are not symmetric anymore. For a typical head 
sea analysis, a total of 7544 elements are used to generate the boundary 
meshes of the whole domain including the barge and cylinder surface. In the 
horizontal plane, 80 elements are placed in the x direction (around 18 elements 
per wave length) and 35 elements in the y direction along the boundary line of 
the tank. On the other hand, 6 elements are placed in the vertical direction to 
generate meshes on each solid boundary surface. The resulting two vertical 
solid tank surfaces along the x direction contain 480 × 2 = 960 elements and 
other two vertical solid tank surfaces along the y direction have 210 × 2 = 420 
elements. Another 578 elements are used to simulate the floating barge (20 in 
x direction, 8 in y direction and 4 elements in vertical direction) and 288 
elements for the cylindrical payload (24 elements around the perimeter and 6 
along the length). As noticed, mesh distribution around the barge is fairly 




denser ( x ≈ y ≈ 0.06, corresponding to about 34 elements per wave length) 
compared to the number of elements distributed near the wave tank perimeter. 
As a result, remaining 5298 elements are required to generate the free surface 
with an increasingly denser mesh distribution from tank walls towards body 
surfaces. 
Figure 5.12 later will illustrate few example meshes generated for various 
geometric orientations considered in this chapter. However, as already 
mentioned in Chapter 2, the numerical tank and structures inside it are divided 
into several patches to generate the meshes. The cylinder has three patches, 
and nine patches are used on the other hand to model the barge. In order to 
calculate the total hydrodynamic forces acting on each body, hydrodynamic 
forces on each of these patches are obtained simultaneously but separately at 
first. After that, forces on respective patches are combined to get the final 
values.  
 
5.2 Wave interaction with a single barge 
The validity and accuracy of the present model in simulating surface piercing 
bodies are established in this section by comparing the numerical results 
against other numerical and experimental solutions for a single barge.  
 
5.2.1 Barge in two-dimensional fully nonlinear wave tank 
 
A potential theory based fully nonlinear two dimensional wave tank was 
developed by Koo and Kim (2003, 2006) using boundary element method with 
constant panels to study the wave body interaction for stationary surface 
piercing bodies. In their model, a fixed surface piercing barge with width (B) = 
0.5m, draft (d) = 0.25m is placed in the middle of a wave tank having a length 
of 8λ with water depth of 1λ. The study by Koo and Kim is performed in a two 
dimensional tank. Thus, to ensure the similarity between their two dimensional 
and present three dimensional cases, the barge for present study should be 




long enough to cover the entire width of the 3-D wave tank (which is 6.5 m 
here). However, to minimize the possible significant modification of current 
code, a barge having sufficiently long length (L) = 6.0 m is placed at beam sea 
with small gaps between barge surfaces and side walls of tank and these gaps 
might be the possible reasons behind the slight discrepancy observed between 
the two numerical results.  
Result of present analysis is compared directly with the study of Koo and Kim, 
where an incident wave height of 0.01 m is used with various wave 
frequencies to calculate mean drift force and first harmonics of wave loads in 
the x and z directions as well as the pitch moment on the fixed surface piercing 
barge. The calculated wave loads on the body are plotted against µ defined in 
Equation (5.1) below and compared with the experimental results of Nojiri & 
Murayama (1975) and analytical solution of Maruo (1960) as well. 
 








Figure 5.2 Comparison of drift forces on a fixed surface-piercing barge 
 
In Figure 5.2, the drift forces obtained by present numerical model are 
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Figures 5.3 to 5.5 shows the comparison of first harmonic horizontal and 




















Figure 5.4 Comparison of first-harmonic vertical force 
 
As can be seen, present results agree well with all other studies within the 
chosen frequency range, although at higher frequency some discrepancy 
observed in horizontal force output which might be associated with the effects 
of reflections from sidewalls of the tank as well as the gaps between the barge 
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frequency, the difference between the present three dimensional analysis and 
the two dimensional analysis of Koo and Kim might become prominent. In 
this situation, the present three dimensional analysis may not be a suitable 
representation for the two dimensional case presented in Koo and Kim’s work, 
as the gap between the barge and tank wall, which does not exist in two 









Figure 5.5 Comparison of first-harmonic moment 
 
 
5.2.2 Rectangular barge in three-dimensional wave tank 
 
In the study of Sun et al. (2010), the second order water wave diffraction by 
rectangular barges is investigated using a frequency domain three dimensional 
boundary element code DIFFRACT.  Based on a boundary element 
representation, the program DIFFRACT computes first and second order 
hydrodynamic quantities, including free-surface elevation on and around the 
diffracting structures. 
The present model is used to simulate one of the scenarios described in Sun et 
al.’s study, where a rectangular barge with length 280 m, breadth 46 m and 
draft 16.5 m is placed in beam sea to incoming waves (with amplitude A =1 m) 
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Figure 5.6 shows the dependence on frequency ω of the horizontal (Fx) and 
heave (Fz) force magnitudes, and the roll moment (M), acting on the barge. 
The forces are in Newtons divided by ρgA, and the moment is in N-m divided 
by ρgA, where ρ is the density of water, g the acceleration due to gravity and A 











Figure 5.6 Wave forces and moment on the barges. (a) Horizontal force. (b) 
Heave force. (c) Moment. 
 
As observed, the present results agree reasonably well with the study of Sun et 
al. over the specified frequency range. However, the present fully nonlinear 
simulation seems to generate larger peaks in horizontal forces near frequency 




















































here are calculated by averaging the maximum values obtained from the last 4 
wave periods of time domain simulation and the corresponding time history 




Figure 5.7 Time history of wave forces and moment on the barges. (a) 
Horizontal force. (b) Heave force. (c) Moment. 
 
5.3 Analysis of fixed floating barge and submerged payload in 
proximity 
After performing the validation studies, this subsection investigates the 
hydrodynamic characteristics associated with the interaction of floating barge 
and submerged payload in waves. The models described earlier in Section 5.1 
are applied throughout the nonlinear wave interaction study presented in this 








are taken to be unity as before. At the very beginning, few test cases are run 
with variable wave tank dimensions and results are analysed to select a 
reasonably size domain. After that, extensive parametric studies are performed 
to understand the influences of wave amplitudes and frequencies on each of 
the modeling scenarios considered. 
 
5.3.1 Selecting the wave tank parameters 
 
In this subsection three wave tanks with various lengths and widths are studied 
in order to select a reasonably sized domain which in turns will help to 
generate simulation output without noticeable reflections form sidewall. This 
selection of optimum tank size will also ensure high calculation efficiency, as 
the purpose here is to reduce the tank size up to the point where the accuracy 
of the results are still within acceptable range. The wave maker in this case is 
allowed to oscillate with motion amplitude of a = 0.01 and at a frequency of 
ω= 2.0. The dimensions associated with the three tanks are tabulated in Table 
5.1 and all other parameters for example, barge and cylinder dimensions are 
kept similar as mentioned in Section 5.1. In the table, ‘B’ represents the width 
of the floating barge and λ represents the wave length. The study is performed 
for head sea orientation only and tank width in beam sea is chosen by 
extrapolation based on the similar barge-tank width ratio. 
 
Table 5.1: Wave tank dimensions 
 
 
Barge position Tank length Tank width Tank depth 
Tank A Head sea 5.2λ 3B 1d 
Tank B Head sea 5.2λ 5B 1d 
Tank C Head sea 5.2λ 7B  1d 
 
Results obtained from these tanks are compared in the form of wave forces 
acting upon the barge and cylinder and wave elevations captured at different 
locations near the bodies. In this connection, it will be helpful to introduce a 
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figure showing the locations of wave elevation measuring probes inside the 
domain. Hence, Figure 5.8 below depicts the position of points where wave 
elevations are recorded along the entire simulation time. This definition is 
used throughout the study of this chapter. 
 
 





Figure 5.9 Time history of wave force acting on the floating barge, (a = 0.01, 
ω= 2.0). (a) Surge. (b) Heave. 
(a) 
(b) 
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Now for different wave tank width, the obtained non-dimensionalised wave 
forces acting on barge and submerged cylinder are compared in Figure 5.9 and 
Figure 5.10 respectively. As observed, the last two tanks produce almost 
identical responses for wave forces on barge as the steady state approaches 
whereas the response obtained from the small tank is clearly distinguishable. 
Though, forces acting on submerged cylinder seem to be similar irrespective 
of tank sizes, as the cylinder size is smaller compared to the tank width for all 





Figure 5.10 Time history of wave force acting on the submerged cylinder ( a = 
0.01, ω= 2.0). (a) Surge. (b) Heave. 
 
Figure 5.11 on the other hand, plots the wave elevations captured in time at 
Points C, D and H respectively, which are strategically chosen to see whether 
any significant reflections from sidewall is affecting the simulation results. It 
seems that except at H (which is actually a point near the cylinder top), wave 
elevations obtained at other two point’s shows considerable disagreements 
between tank A and other two tanks. It seems that, like the forces acting on the 
barge; the wave elevation at these two points also appears to match closely for 
the last two tanks as the simulation reaches a steady state. 
(a) 
(b) 
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Hence, it can be concluded that the tank wall reflection in first tank is 
considerably affecting the simulation output whereas the outputs of latter two 
tanks are relatively similar and because of these resemblances the medium 
tank with tank width of 5B is chosen for all the forthcoming head sea analysis 
presented in this chapter. Similarly, a tank around 4.5L wide is used for beam 





Figure 5.11 Wave elevation captured at various locations along the wave tank 
( a = 0.01, ω= 2.0). (a) Point C. (b) Point D. (c) Point H. 
 
5.3.2 Floating barge and submerged payload under various wave 
amplitudes 
 
The influence of variation of wave maker amplitude on hydrodynamic 








under this subsection. As mentioned before, several models are developed by 
considering various scenarios in order to understand this coupled system from 
different point of view. These are: 
a) Single submerged cylinder under wave action (without barge) 
b) Single floating barge in head sea (without cylinder) 
c) Single floating barge in beam sea (without cylinder) 
d) Barge in head sea with submerged cylinder beside it 
e) Barge in beam sea with submerged cylinder at upstream side 
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Figure 5.12, illustrates the free surface and body mesh generated for each of 
the cases. For each of these plots the wave direction will be from left to right 
end side. The dynamic horizontal and vertical wave forces of floating barge 
and submerged cylinder, run-ups around the barge and wave elevations at 
various locations are calculated for all these cases under various amplitudes of 
the wave maker with a constant motion frequency of  = 2.0. 
 
 
Figure 5.13 Wave forces on submerged cylinder under various circumstances, 
(a = 0.02, ω= 2.0). (a) Horizontal dynamic force. (b) Vertical dynamic 
force. 
 
Among these results, Figure 5.13 shows the variation of horizontal and 
vertical dynamic forces acting on the cylinder with respect to time for different 
scenarios. The wave maker motion amplitude in this case is a = 0.02. The 
forces obtained from the head sea scenario seem to be identical with the single 
cylinder case with a slightly higher crest and trough values at some points. On 
the other hand, horizontal forces in case of beam sea upstream condition is 
significantly larger compared to the above two situations and the vertical 
dynamic forces in this case though generate quite similar amplitudes with head 
sea and single cylinder case, yet shows significant amount of nonlinearity in 
the response. This increase in amplitudes and nonlinearity appears to be 
happening due to the presence of floating barge on the downstream side of the 
submerged cylinder even though the cylinder is situated below the draft level 
(a) 
(b) 
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of the barge. The noticeable decrease in force values in case of beam sea 
downstream analysis is also occurred because of the floating barge. However, 
this time the cylinder is under the shed of the barge and thus not receiving the 
most of the wave energy. 
Comprehensive Fast Fourier Transform (FFT) analyses of the barge and 
cylinder forces under various situations are also performed to understand the 
pattern of nonlinearity involved in these cases with the variation of wave 
maker amplitudes.  It should be noted that FFT analyses are executed over the 







Figure 5.14 Comparison of normalized horizontal wave forces on floating 
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The horizontal forces on barge are normalized by ρgaBD in head sea and by 
ρgaLD in beam sea, whereas the vertical forces are normalized by ρgaLB. 
Here, a represent the wave maker amplitude, L is the length of the barge, B is 
the width and D is the draft. For cylinder, both the forces are normalized by 





Figure 5.15 Comparison of normalized vertical dynamic wave forces on 





As can be seen from Figure 5.14 which shows the FFT results for horizontal 
forces acting on floating barge, plotted against the ka, where k is the wave 
number, existence of the submerged cylinder produces noticeable variations in 
force components, especially in head sea configurations; where the large mean 
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 order components on contrary, which appears to be very small and 
weakly nonlinear for single barge in head sea, increase with the increase of 
wave maker amplitude and become very large for steep waves in presence of 
the cylinder. The force components for all three beam sea scenarios seems to 
be fairly comparable except slightly higher values in case of beam sea 
downstream case which might be happened due to the  presence of the 




Figure 5.16 Horizontal force components acting on submerged cylinder (ω= 
2.0). (a) Drift force. (b) 1
st
 harmonic. (c) 2
nd




Figure 5.15 represents the variation in floating barge heave force components 
with the increase of wave maker amplitudes. Compared to horizontal force, 
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patterns with minor discrepancies. However, a sharp rises in mean force is 
clearly evident in case of beam sea upstream situation, which reveals strong 
influence of upstream cylinder in mean force. Except this change, mean and 





 order components increases in similar situations. It is also 
noticeable that the increase in vertical higher harmonics due to the presence of 







Figure 5.17 Vertical force components acting on submerged cylinder (ω= 2.0). 
(a) Mean. (b) 1
st
 harmonic. (c) 2
nd




The FFT comparison results for forces acting on the submerged cylinder are 








these plots represents the scenario of a single submerged cylinder in domain 
without any barge floating beside it. 
These two figures clearly reveal that both the surge and heave forces are 
significantly affected by the presence of barge in beam sea upstream situation. 
Force components on submerged cylinder in head sea configuration however, 
seems to be not much affected by the floating barge especially the vertical 
force components. Moreover, the beam sea downstream scenario produces the 
least responses for both the first order components and also for the mean of 
vertical force. Most of the forces acting on downstream cylinder seem to be of 
2
nd
 order and the decreases in mean and 1
st
 order components in this case can 
be attributed to the location of the barge in beam sea position before the 
cylinder, which has already explained in Figure 5.13. It is also noticeable from 
these two figures that 3
rd
 harmonic of both the horizontal and vertical dynamic 












Figure 5.18 Direction of mean force acting on barge and cylinder  
 














































The direction of mean forces acting on coupled barge and cylinder system in 
various configurations are plotted in Figure 5.18. The mean transverse forces 
on barge and cylinder in both beam sea upstream and downstream cases are 
very small and hence ignored here. However, the mean transverse forces in 
head sea tend to push the barge and cylinder inwards; although, the push from 
barge found to be small compared to mean force acting on cylinder. On the 
other hand, the barge and cylinder in beam sea situation, as can be seen, 
experiencing a positive mean longitudinal force towards the wave propagation 
direction and it was found that the longitudinal mean force on upstream 
cylinder is nearly 4 times larger than that for downstream cylinder. 
After this extensive analysis of wave forces, Figure 5.19 and Figure 5.20 
below illustrate the three-dimensional wave run-ups around the floating barges 
obtained in various time instants for different arrangements of barge and 




Figure 5.19 Three-dimensional wave run-ups around the floating barge in head 
sea at two different time instants; with wave maker amplitude, a = 0.02 
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Figure 5.20 Three-dimensional wave run-ups around the floating barge in 
beam sea at two different time instants; with wave maker amplitude, a = 
0.02 and frequency, ω = 2.0. (a) t = 9.5T.  (b) t = 10.0T.   
 
 
As can be seen in Figure 5.20, barge in beam sea with upstream cylinder 
experiences rather irregular and higher run-ups compared to other two cases. 
The run-up in such case can reach up to 4 times the amplitude of wave maker 
motion. These high run-ups might occur because of the nonlinear interaction 
between the incident wave from wave maker and diffracted waves from the 
floating barge. In such situation wave energy can be trapped within the gap 
between the cylinder and the barge and cause large wave elevation. However, 
for the beam sea downstream case, not much wave energy can reach into the 
gap to become trapped due to shielding effect. As a result, wave run-ups in 
this case appear to be indistinguishable with ‘single barge in beam sea’ case. 
The run-ups around barge in head sea with a submerged cylinder beside it on 
the other hand, seem to receive visible deviations from the single barge in 
head sea situation (Figure 5.19). Although, the response from both these cases 













Figure 5.21 Free surface wave elevation at various time instants: Head sea (a = 
0.02, ω = 2.0); (a) t =9.0T. (b) t =9.25T. (c) t =9.75T. 
 
 
Finally to provide a visual impression of the simulation output, Figure 5.21 to 
Figure 5.23 of this subsection represent the snapshots of free surface profiles 
captured at various time instant along the simulation period after a fully 
developed state is reached. The waves here are propagating from the left end 













Figure 5.22 Wave profile snapshots at various time instants: Beam sea 
upstream cylinder (a = 0.02, ω = 2.0); (a) t =9.0T. (b) t =9.25T. (c) t 
=9.5T. 
 
Figure 5.21 shows the wave profile for head sea configuration, whereas Figure 
5.22 and Figure 5.23 depict the wave profiles for beam sea upstream and 
downstream side respectively. The effectiveness of the damping layer is 
evidently captured throughout these pictures as the wave elevation is almost 
zero at the layer zone.  
As can be seen from Figure 5.21, presence of submerged cylinder near the 
barge in head sea creates noticeable disturbance on free surface compared to 
the other side of the barge. Moreover, the interactions between the incoming 
wave from the wave maker and diffracted wave from the barge wall in beam 








clearly reveal the influence of submerged cylinder on wave profile as well as 






Figure 5.23 Wave profile snapshots at various time instants: Beam sea 




5.3.3 Dependence on wave frequency of hydrodynamic features 
 
In this subsection the influence of wave maker motion frequency on the 
hydrodynamic behavior of coupled floating barge and submerged cylinder 
system is investigated. However unlike the pervious subsection, the study of 
this subsection focused on the analysis of the following main scenarios: 
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b) Barge in beam sea with submerged cylinder at upstream side 
c) Barge in beam sea with submerged cylinder at downstream side 
 
For all these cases, the surge and heave wave forces acting on the barge and 
submerged cylinder, wave run-ups around the barge and wave elevations at 
various locations are calculated under various frequencies of the wave maker 
which is subjected to a motion amplitude of a = 0.01. 
Among these results, Figure 5.24 below shows the time history of horizontal 
and vertical dynamic forces acting on the floating barge for the wave maker 
frequency of ω= 2.5. As can be seen, the variations of horizontal dynamic 
force among the three scenarios are fairly regular and there exists slight phase 
changes. However, the differences in dynamic heave force between the head 
sea and two beam sea cases are quite evident, though these forces are not so 
regular as compared to surge force and seem to poses non-zero means with 
comparatively flatter troughs. This might be the influence of higher harmonics 




Figure 5.24 Time history of wave force acting on the floating barge (a = 0.01, 
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Beside these time history profiles, comprehensive Fast Fourier Transform 
(FFT) analyses of the barge and cylinder forces under various configurations 
are also performed to understand the dependence of these parameters on wave 
maker frequency.  Like the previous subsection, the FFT analyses presented 
here are also performed over the last three simulation period of the normalized 
forces. 
Figure 5.25 to Figure 5.28 show the corresponding result of FFT analyses. In 
each of these figures, the normalized forces on barge are plotted against wave 
maker motion frequencies and the normalized forces on cylinder are plotted 




Figure 5.25 Comparison of normalized horizontal wave forces on floating 
barge, (a = 0.01). (a) Drift force. (b) 1
st
 harmonic. (c) 2
nd
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A closer look on Figure 5.25 reveals that the horizontal forces acting on barge 
in head sea shows a different trend of variation compared to the forces acting 




 harmonics. Within the chosen 
frequency range, the components of forces in head sea condition at first 
decreases with the increase of frequencies (except 2
nd
 harmonic) and then 
starts to increase again as the frequency rises over 2.0; whereas the force 
components acting on beam sea conditions seems to follow the opposite trend 
(except the drift force). These phenomena might occur because of the head 
and beam sea orientation of the barge; because of which the length of the 
rectangular barge varies along the wave propagation direction. This coupled 






Figure 5.26 Comparison of normalized vertical dynamic wave forces on 
floating barge (a= 0.01). (a) Mean. (b) 1
st
 harmonic. (c) 2
nd
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Now as expected, this opposite behavior between the surge force components 
of head sea and beam sea barges are also found in FFT analysis of heave 
forces (as illustrated in Figure 5.26). However unlike the surge force, there 
seems to be least amount of nonlinearity present in heave force components 
for the head sea configuration (as seen from Figure 5.25 (c) and 5.26 (c)). 
Besides, the nonlinearity of both hydrodynamic forces for downstream case 
found to be slightly higher compared to the beam sea upstream case (refer to 






Figure 5.27 Horizontal force components acting on submerged cylinder (a= 
0.01). (a) Drag force. (b) 1
st
 harmonic. (c) 2
nd




Figure 5.27 illustrates the comparison of horizontal components of surge force 
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sea condition faces significant amount of drift forces and nonlinearities which 
are clearly distinguishable from other two scenarios. This means the influence 
of barge situated in downstream to cylinder is quite significant and it can 
increase the force value remarkably. Between other two scenarios, cylinder 





order forces, whereas shielding may give a higher drift force on cylinder in 
beam sea downstream side, however the nonlinearity is still small in such case. 
In fact, it is found that the beam sea downstream scenario always results a 
smaller force on the cylinder because of the shielding effect over the range of 









Figure 5.28 Vertical force components acting on submerged cylinder (a= 
0.01). (a) Mean. (b) 1
st
 harmonic. (c) 2
nd












The vertical components for cylinder force are plotted and compared in Figure 
5.28. It seems that heave forces in this case are also governed by the beam sea 
upstream conditions. Although, the 1
st
 order force in head sea cylinder seems 
to be quite close here and in fact topple the beam sea upstream values at 
higher frequencies. At the same time, at these high frequencies the nonlinear 
components in head sea cylinder forces however, is significantly lower as 




 order nonlinear components of beam sea 
downstream situations. It is also observed that, the linear force on downstream 




 order components become 
significantly large at higher frequencies. Hence, linear analysis seems to be 
unable to provide an accurate prediction here and nonlinear analysis must be 

















 harmonics relative to the 1
st
 
harmonic of vertical and horizontal forces acting on submerged cylinder 
(a= 0.01). (a) 2
nd
 har Fx (b) 3
rd
 har Fx (c) 2
nd
 har Fz (d) 3
rd








In Figure 5.29, the variation of phase angles (  ) for the 2nd and 3rd 
harmonics with respect to fundamental are plotted for both the horizontal and 





harmonic phase angles are expressed as 
1   format (where 1 is the phase 
angle at fundamental frequency) and the   value are then plotted in figure. 




 harmonics vary quite 
similarly with respect to wave maker frequency, specially the phase angles of 





of horizontal forces appear to be nearly in phase with the fundamental 
harmonic for both the head sea and beam sea up condition and the 2
nd
 
harmonic phase angle for beam sea up seems to remain in phase at higher 
frequencies as well. Overall, it can be said that significant variation are 
observed in phase angle of higher harmonics due to the nonlinearity involved 
in the system and most of the time these variations appears to follow some 
patterns. 
The final figure of this chapter (Figure 5.30) represents the comparison of 
wave elevation time histories recorded at the middle point of the edge of 
floating barge sidewall near the submerged cylinder. Referring to the Figure 
5.8, this point is: point A in Beam sea upstream arrangement, point B in head 
sea arrangement and point D in beam sea downstream arrangement.  
As can be seen, the elevation histories are fairly identical for beam sea 
upstream conditions and slight shift changes are observed at higher 
frequencies. On contrary, the changes in wave elevation captured from head 
sea configuration are rather evident. Both the shift changes and amplitudes of 
wave elevation decreases initially with the increase of wave frequencies. 
However, the elevation amplitudes seem to rise again at higher frequencies. 
These reflect the complexity in wave elevation in the gap between the barge 
and cylinder, which is generated as the diffracted wave from the barge impacts 
on the cylinder. 
 
 






















































Figure 5.30 Wave elevation captured at different locations along the wave tank 
for various arrangements of barge and cylinder ( a = 0.01). (a) Point A at 
beam sea up. (b) Point B at head sea. (c) Point D at beam sea down. 
 
Finally, the wave elevation recorded for beam sea downstream scenario 
appears to be the lowest in magnitude and not generating a smooth sine curve  
at lower frequencies, which is expected as the barge in beam sea obstacles the 
wave propagation path toward this point. The wave elevation in this case also 
takes longer time to reach the steady state. Nevertheless, the wave elevation at 










The three-dimensional fully nonlinear wave interaction with coupled floating 
barge and submerged cylinder system is investigated in this chapter, where 
both the barge and cylinder are considered fixed in space. At first, two already 
published studies related to the wave interaction with floating surface piercing 
bodies are simulated by using the present numerical model and comparisons 
are made with existing numerical and experimental results. The present study 
seems to provide agreeable results with other studies which in turn 
demonstrate the capability of the present model for solving the coupled 
surface piercing and submerged problems.  
After that, detailed studies are performed to understand the hydrodynamics of 
the proposed coupled system. It is found that both the frequency and 
amplitude of wave maker motion plays a significant role on the coupled 
hydrodynamic behaviour of floating barge and submerged cylinder system.  
For a fully submerged cylinder located near a barge in head sea, it is found 
that with the variation of wave maker amplitude the submerged cylinder 
significantly affects the surge force acting on the barge. A noticeable increase 
in drag force and higher order components are observed in such case, 
compared to a single barge in head sea situation. 
The dependence on wave maker motion frequency of hydrodynamic forces is 
also studied comprehensively. The results show that a fully submerged 
cylinder placed at the upstream side of a barge in beam sea displays significant 
amount of nonlinearities in the wave forces acting upon it as compared to any 
other locations. Therefore, the effective orientation of floating structure and 
near surface submerged bodies needs to be strategically determined to serve 
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Chapter 6: Analysis of moving payload in the 
vicinity of floating barge  
 
This chapter investigates the nonlinear wave interaction with a submerged 
cylindrical payload subjected to constrained motion in presence of a nearby 
floating crane barge. Numerical simulations are carried out here to 
investigate the hydrodynamic features of this submerged payload attached to a 
cable for constrained motion and moving towards sea bed at a constant 
velocity in water waves. The effect of different cable lengths, wave maker 
frequencies and downward moving velocities on payload response under 
several geometric setups are studied and compared. Comprehensive 
investigation is also performed to understand the shielding effect arose due to 
the presence of the floating barge. 
 
6.1 Numerical model 
The study presented here is in fact an extension of the work summarized in 
previous chapter. In that chapter a stationary submerged cylinder was placed 
beside the floating barge. On contrary, the physical problem considered in this 
chapter aims at a similar fully submerged vertical cylinder; though instead of 
fixing it in space, the cylinder here is attached to a cable from the top to have 
constrained motion and assumed to be subjected to the similar conditions as 
mentioned earlier in Section 4.1.  
Nevertheless, the floating barge is kept fixed as before and the justification 
behind this consideration is that – in real life situation the payload can 
experiences quite a significant movement while attached to the crane rope, 
whereas compared to that, the motion of the crane barge itself is fairly 
negligible. Hence, the study presented here will be able to provide a 
reasonable simulation of the real crane installation process at regular sea.  
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Apart from the differences associated with submerged payload motion, the 
same numerical model setups depicted in Figure 5.1 and the corresponding 
geometric configurations as well as the mesh generating procedure described 
in Section 5.1 are implemented for present study. It should also be noted that, 
the following three new scenarios are simulated in this chapter under various 
environmental conditions and results are compared with the ‘single submerged 
cylinder under constrained motion’ case which is already developed in 
Chapter 4. 
 Submerged cylinder under constrained motion near a barge in head sea 
 Submerged cylinder under constrained motion near the upstream side 
of a barge in beam sea 
 Submerged cylinder under constrained motion near the downstream 
side of a barge in beam sea. 
The motion of the submerged cylindrical payload, moment on the cylinder and 
tension of the hanging cable as well as wave forces acting on the floating 
barge are calculated for each of the above mentioned cases. However, the 
hydrodynamic forces on the barge appear to be fairly similar for both the cases 
of fixed cylinder (presented in previous chapter) and constrained moving 
cylinder. This seems reasonable; because the payload is considerably small 
compared to the barge dimensions. Hence, whether it is fixed or moving 
slowly while completely submerged will not influence the forces acting on 
barge much significantly. Therefore, the main focus of this chapter is given 
towards the understanding of the influence of floating barge on the submerged 
payload behaviour instead.  
 
6.2 Payload subjected to constrained motion while attached to 
cable 
In this section a comprehensive investigation is presented to understand the 
characteristics of a fully submerged vertical cylindrical payload which is 
attached to the crane on the barge with a rigid cable and is allowed to have 
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pendulum motion only with respect to the cable origin point while situated 
very near to the barge. As already mentioned, the same rectangular numerical 
wave tank described in Section 5.1 is applied throughout the study of this 
section. Also, the water depth d, gravitational acceleration g and the ﬂuid 
density ρ are taken to be unity as before. However, this time the density of 
cylindrical payload has to be considered and this parameter is taken as 1.2ρ 
which is found to be enough to maintain a constant tension in the cable, thus 
justify the rigid cable simplification considered during the formulation of the 
moving payload problem in Section 4.1. Beside these, a vertical cylinder of 
length l = 0.2d and radius r = 0.16d is considered in this section as the 
payload. 
 
6.2.1 Low frequency drift motion 
 
The hydrodynamic behaviours of the underwater payload investigated in this 
chapter are found to be significantly influenced by the low frequency drift 
components in most of the cases. Hence, this section intends to provide a 
comprehensive analysis on low frequency response of the constrained moving 
payload. A cylinder attached with a cable of length 0.8d is placed 0.2d below 
the undisturbed free surface and simulations are performed for all the three 
scenarios defined earlier. The results obtained are illustrated in Figure 6.1 to 
Figure 6.8. It should be noted that the motion amplitude of the wave maker a 
and the wave frequency  are kept constant at 0.015 and 2.0 respectively for 
all the analysis of this section. Hence, the wave length λ is also become 
constant at 1.56d. 
Now as can be seen from Figure 6.1, the two 3D trajectory (for single cylinder 
and cylinder with barge in head sea scenarios) of the cylinder in time around 
the central y axis for the case with cbl = 0.8d (where cbl denotes the distance 
between the rigid cable origin and the top surface of the cylinder) is quite 
distinguishable which clearly reflects the influence of floating crane barge on 
submerged payload. The displacements of the cylinder in both cases are not 
symmetric about the centre line and its magnitude is not in a regular pattern as 
well, especially for the cylinder with barge in head sea (Figure 6.1b) due to  




Figure 6.1 3D cylinder positioning with respect to time having cable length of 
0.8d ; (a) Cyl only. (b) Cyl with a barge in head sea (initial cylinder 
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the interaction among the barge, cylinder and waves. The vertical movement 
of the cylinder in this case also increased as much as twice that of only 
cylinder in wave situation (Figure 6.1(a), similar figure (Figure 4.9) is also 
presented in Chapter 4 for a cylinder with smaller radius). The time series of 
horizontal and vertical displacement for these two scenarios are also presented 
later in Figure 6.4 and Figure 6.5 respectively for better understanding of the 
cylinder movements. 
Before that, the time history of the moment for various scenarios are plotted  
in Figure 6.2 in order to provide a comparative outlook among the cases for 
cbl = 0.8d. As noticed, presence of barge in head sea and beam sea 
downstream cases reduced the moment and the reduction is fairly significant 
in later case. This reduction is one of the consequences of the shielding effect 
which arises due to the presence of the floating barge in the upstream side of 
the submerged cylinder. 
 
Figure 6.2 Moments acting on the cylinder about the origin of the cable under 
different scenarios: cbl = 0.8d, a = 0.015 and  = 2.0.  
 
Such multi-body interactions are also known to increase the horizontal drift 
forces (Eatock Taylor and Hung, 1987) which consists of a mean and low 
frequency components (much lower than the incident wave frequency) and 
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this slow varying responses is found to be associated with the second order 
wave drift force caused by the nonlinear wave potential effects (Pinkster, 
1979; Eatock Taylor and Hung, 1987). Another study of Eatock Taylor and 
Hung (1985) also showed that although wave diffraction is primarily 
responsible for mean drift forces, hydrodynamic interactions between the 
component bodies of a multi-body offshore system can cause substantial 
enhancement of mean horizontal drift forces and radiation damping. For the 
case of four truncated cylinders analysis done by them, this interaction effects 
are found to be potentially more important for horizontal drift forces compared 
to vertical drift forces. 
In present analysis, the interesting phenomenon of low frequency drift 
responses can be seen clearly in the time history of rope tension for head sea 
and beam sea upstream situations as depicted in Figure 6.3. In addition to a 
prominent low frequency nature, the rope tension in beam sea upstream case 
also seems to possess a large positive mean and its maximum peak is almost 7 
times higher compared to the head sea situation. This behaviour is found to be 
reasonable according to the study reported by Eatock Taylor and Hung (1985), 
where it was shown that the mean wave drift force on a body in a group can be 
increased several fold over the force on the same body in isolation. 
 
 
Figure 6.3 Time history of rope tension for various scenarios: cbl = 0.8d, a = 
0.015 and  = 2.0.  
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The existence of low frequency behaviour in forces as expected fairly 
influences the cylinder displacement, which can be seen in Figure 6.4 and 
Figure 6.5 respectively. The non-dimensionalized horizontal and vertical 
components of pitch motion of the cylindrical payload are presented in these 
figures. These motions are influenced by the nonlinear elements of wave 
loads, the low frequency wave drift force (Sarkar and Eatock Taylor, 1998) as 
well as by the non-linear interaction between the waves and structures (Hassan 
et al., 2010). It is interesting to observe that, the components of these 
responses at incident wave frequency gradually decreases from cylinder only 
case to head sea, beam sea up and beam sea down cases respectively whereas 
the low frequency components gradually become more noticeable at the same 
time; in fact the submerged payload movement seems to contain purely low 
frequency motion in beam sea downstream situation. In contrast, although the 
vertical motion components for beam sea upstream case appears to contain 
similar low frequency responses, those for the single cylinder and head sea 
cases however, are found to be quite irregular and small compared to the beam 




Figure 6.4 Change in horizontal components of pitch motion due to the 
variation of cylinder and barge arrangement:  cbl = 0.8d, a = 0.015,  = 
2.0 
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The above behaviour is closely related to the shielding effect and due to 
different orientations of the cylinder and barge in various scenarios this effect 
seems to vary remarkably. It should also be noted that, the gradually 
developed negative mean in horizontal displacement for beam sea upstream 
case indicates a significant reduction in gap between the barge and submerged 
oscillating payload (which might be visualise from Figure 6.24). This 
phenomenon might be of practical interest and should be considered carefully 
during installation process. 
In some situations (especially when the body is fixed) it might appear that the 
drift forces are insignificant as they are small compared to the forces at wave 
frequencies. In practice, however, drift forces are of another major importance 
for the motions of a moving body. Form the figures presented above; it is also 
quite evident that the slow drift motion is an important aspect to be considered 
during the analysis of offshore installation process. As a result, a 
comprehensive FFT analysis is implied to further investigate into this 
interesting low frequency event.  
 
 
Figure 6.5 Change in vertical components of pitch motion due to the variation 
of cylinder and barge arrangement:  cbl = 0.8d, a = 0.015 and  = 2.0 
 
Considering the case with ‘cbl =0.8d’ for all the four scenarios of cylinder and 
barge arrangements, the FFT analysis is adopted to perform the amplitude 
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spectral analysis of the time series obtained for various parameters from the 
present fully nonlinear time domain simulation. Figure 6.6 to Figure 6.8 show 
the resulted frequency spectrum of the moment, cable tension and cylinder 
motion respectively. The frequency parameter in ‘x’ axis here is normalized by 
the wave maker motion frequency ω. 
As can be seen, the low frequency components in most of the responses appear 
as harmonics of 
1
10
 . The study of Brorsen (1990, 2006) also confirms such 
patterns, where the slow varying drift responses typically poses the  
 
 
Figure 6.6 Frequency spectra of moment: cbl = 0.8d, a = 0.015 and  = 2.0 
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frequencies in the range of 
1
10
   low frequency 
1
5
 . However in present 
analysis, low frequency components up to 
3
10
  appear to be significant in 
some cases; especially in motion response of the submerged cylinder (Figure 
6.8).        
Figure 6.6 shows that the moment is mostly governed by the 1
st
 harmonic 
components of wave maker frequency, though some small low frequency 
components can be found in all cases. The small low frequency component in 
single cylinder case might appear due to the effect of nonlinearity which 
gradually becomes more prominent in other cases. It is also noticeable that the 
moment in beam sea downstream case becomes much smaller than other 
cases. However, in this case the higher harmonics are quite remarkable 
indicating the presence of strong nonlinearity. 
 
 
Figure 6.7 Frequency spectra of cable tension: cbl = 0.8d, a = 0.015,  = 2.0 
Chapter 6                          Analysis of moving payload in the vicinity of floating barge 
155 
 


















































































The domination of low frequency peaks on the other hand, is quite evident in 
frequency spectra of cable tension (Figure 6.7). In fact the 1
st
 low frequency 
harmonics in beam sea downstream case is almost 1.5 times than that of 1
st
 
harmonics at wave maker frequency. Besides, the cylinder in beam sea cases 
here also gains a very large mean drift force (the peak value at zero frequency) 
which is expected as already predicted in Figure 6.3. 
 
 
Figure 6.8 Frequency spectra of pitching motion of cylinder: cbl = 0.8d, a = 
0.015,  = 2.0 
 
The most phenomenal impact of slow varying drift however, as already 
discussed is found in motion response as presented in Figure 6.8. As noticed, 
the 1
st
 low frequency harmonic for head sea and beam sea upstream situation 
here is nearly twice than that of 1
st
 harmonic incident wave frequency 
components and for beam sea downstream cases it seems to be almost eight 
times larger, thus producing a fairly drift dominant response. On contrary, the 
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mean drift force (zero frequency component) although appears in every cases; 
yet significantly distinguishable in beam sea upstream condition as it is 
immensely large in this case and reaches a normalized value of almost 7.  
In this connection of above low frequency analysis, it might be worthwhile to 
find the natural frequency of the payload which is subjected to a pendulum 




                                                                                                  (6.1) 
Here, m is the mass of the body; L is the length from the centre of gravity of 
the body to the point of rotation and I is the mass moment of inertia which can 
be obtained from the following formula: 
 
2 2 21 1
4 12
I m r l L
 
   
 
                                                                              (6.2) 
r and l here are the cylinder radius and cylinder length respectively and L = 
0.9d for the present situation. 
Applying Equation (6.2) in Equation (6.1), the natural frequency of the 
payload is found as 1.05 rad/s. As can be seen, the wave maker frequency 
chosen here is equal to twice the resonance frequency of the payload. Hence, 
the cylinder responses might be significantly influenced by the incident wave 
frequency in this case. However, further investigations need to be performed 
to achieve such conclusion. 
 
6.2.2 Influence of different cable length 
 
In this section, the variation of cylinder response, resultant moment and cable 
tension with respect to the change of cable length is studied. In order to 
change the length of cable, the above water origin point of the cable is shifted 
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accordingly instead of moving the cylinder under water. This means, initial 
under water position of the cylinder remains unchanged irrespective of 
variation of cable length, which is 0.2d below the undisturbed free surface. 
Moreover, the motion amplitude and frequency of wave maker are also kept 
constant as of the previous section. At first, to provide better understanding of 
the influence of variation of cable length on mean and low frequency 
components of cylinder motion, these components (mean and first 3 
significant harmonics at low frequency,
1 1 1
, 2 , 3
10 10 10
   ) are plotted against 







Figure 6.9 Influence of cable length variation on slow varying drift motion 
components a = 0.015,  = 2.0 
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Figure 6.10 Comparison of maximum moment about the cable origin, 
maximum dynamic cable tension and maximum horizontal displacement 
of the cylinder for different cable lengths. 
 
As just mentioned in previous section, the mean drift for beam sea upstream 
case is very high and increases with the increase of cable length. Beside this, 
the increases in mean drift motion for head sea and beam sea downstream 
cases, compared to single cylinder case is also visible. However, the first low 
frequency harmonic motion which mostly appears due to the shielding effect 
seems to vary irregularly with the change of cable length among the head sea, 





 low frequency harmonics on the other hand, though 
significantly lower than 1
st
 low frequency harmonic is mostly governed by 
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beam sea upstream case and shows an overall decrease in values with the 
increase of cable length beyond 0.6d. 
The last figure of this section (Figure 6.10) provides the overall variation trend 
of maximum moment and rope tension, as well as the change in maximum 
horizontal displacement of the submerged cylinder due to the alteration of 
cable length. The absolute maximum values of all these parameters are 
obtained from the last 10 simulation period and then plotted in these pictures. 
Overall, the moment acting on the cylinder increases with the increase of cable 
length irrespective of the various scenarios as depicted in Figure 6.10. 
However, the moment seems not to be much affected by the presence of 
floating barge in beam sea upstream cases compared to the single cylinder 
situation, although maximum cable tension and displacement are greatly 
influenced by the same beam sea configuration. These finding agrees quite 
reasonably with the spectral analysis presented in Figure 6.6 to Figure 6.8. It 
was evident from those figures that significant slow varying drift responses 
which arise mostly because of the influence of downstream barge, is found in 
tension and pitch motion rather than in moment. However, in case of head sea 
and beam sea downstream situations, the maximum moment reduces 
remarkably compared to the single cylinder case whereas the absolute 
maximum of cable tension does not show any remarkable changes at the same 
time, except that presence of barge produce lower rope tension in beam sea 
downstream case. The maximum value of cylinder displacement for head sea 
case on the other hand, shows a variable nature whereas in beam sea 
downstream scenarios it is quite similar to single cylinder response. Although, 
the time history of cylinder motion for later two cases varies quite noticeably 
as shown in Figure 6.4. 
 
6.2.3 Effect of wave frequency 
 
The wave interaction with the submerged cylindrical payload attached to a 
cable and located near the crane barge is simulated in this section under the 
influence of several motion frequencies of wave maker. The cable length and 
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Figure 6.11 Time history of moment for different configurations: cbl = 0.5d, ω 





Figure 6.12 Cable tension in various scenarios: cbl = 0.5d, ω = 1.5, a = 0.01 
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Among the results obtained, Figure 6.11 and Figure 6.12 show the time history 
of moment acting upon the cylinder and the corresponding rope tension, for 
the wave maker frequency of 1.5. Both the parameters in this particular 
frequency appear to be more regular, particularly in cylinder only and head sea 
situations compared to the results obtained at higher frequency (ω = 2.0) in 
previous section (Figure 6.2 -6.3).  The small phase shift observed between the 
beam sea up and beam sea downstream cases occurred due to the difference in 
positions of the underwater cylinder relative to the barge. Besides, it is also 
observed that the beam sea downstream case takes longer time to get steady 
state. 
Apart from these, the variation of pitch angle for beam sea upstream 
arrangement (Figure 6.13) still tends to contain low frequency components, 
though not having a prominent mean as observed at higher frequency (Figure 
6.4). This slow varying drift component at this low wave maker frequency 
seems to be associated with the effect of nonlinearity present in forces rather 
than the shielding effect. Because at lower frequency the wave length becomes 
larger compared to the barge dimensions, hence the diffraction from the barge 




Figure 6.13 Variation of angle of pitch subjected to different configurations: 
cbl = 0.5d, ω = 1.5, a = 0.01 
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As already mentioned in earlier section, the slow varying responses normally 
appears due to the nonlinear interaction among the bodies as well as because 
of the shielding effect and in most of the situation shielding effect generates 
the prominent results. However as noticed in Figure 6.14 where the mean and 
low frequency component for cylinder motion are plotted against non-
dimensionalized wave number, the significant influence of low frequency 
components in motion responses seems to build up as the wave number 
approaches towards 0.65 in the present numerical modelling environment 
(irrespective of cable length).   
 
 
Figure 6.14 Variation of slow varying drift motions (pitch) with wave maker 
motion frequency: a = 0.01, cbl = 0.5d 
 
It is found that when the wave number gets closer to 0.65 the wave length 
approaches towards the length of the barge (λ ≈ 1.5d when ω ≈ 2.0) as well, 
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which might create some resonance influence on cylinder motion. As observed 
in Figure 6.14, 1
st
 low frequency harmonic components are nearly zero for all 
the four cases at lower wave number (kr ≈ 0.36) while the wave length is 
nearly twice of barge length (λ ≈ 2.75d). This 1st low frequency harmonic 
starts to increase as the wave number closes toward 0.65 and then fall down 
sharply for beam sea downstream case as the incident wave frequency become 
larger.  This might be reasonable, because as the frequency of incident wave 
increases the wave length become smaller compared to the barge length. 
Hence, more energy is trapped on the upstream side of the barge in beam sea 
which is responsible for the large 1
st
 low frequency harmonics response of the 
cylinder in upstream side, whereas the cylinder in downstream side is facing 
the opposite situation. The variation in other two low frequency harmonics 
might be appearing as a combined influence of shielding and nonlinearity 
present in forces. 
Now, the overall response pattern of the maximum moment, rope tension and 
angular displacement with the variation of wave number are summarised in 
Figure 6.15. Absolute values of all the three parameters seem to decrease at 
higher frequencies, except beam sea upstream situation which initially creates 
gradual increase in responses with the increase of frequencies. Similar rise 
pattern in moment and tension is also found in head sea arrangement, 
particularly in moment output.  
Generally the maximum values of moment acting on the cylinder seem to 
differ noticeably with the variation of wave number among the cases due to 
the presence of floating barge near to it, except for beam sea upstream 
situation in midrange wave numbers. This happens because near those wave 
numbers, the 1
st
 harmonic wave frequency component (which actually governs 
the overall maximum value) is quite closer to the single cylinder response. 
Although, the moment obtain from barge in beam sea upstream cases for such 
situation still contain significant higher harmonics of wave frequency and low 
frequency components compared to the single cylinder case, as can be seen 
from the time history in Figure 6.2 and frequency spectra in Figure 6.6 of 
previous section (plotted for ω = 2.0, which corresponds to kr value of 0.36).  
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Figure 6.15 Variation in maximum values of key parameters with respect to 
wave maker motion frequency: cbl = 0.5d, a = 0.01 
 
The cable tension and cylinder pitch angle for beam sea upstream case on 
contrary to moment, shows remarkable increases compared to other three 
situations. These differences are in fact the consequence of the influence from 
downstream barge which produces large mean in tension and pitch motion for 
beam sea up scenario as depicted in Figure 6.7 - 6.8 of earlier section. The 
other two arrangements (head sea and beam sea downstream) follow fairly 
similar pattern with cylinder only situation for cable tension and pitch angle 
variation. However, it is important to mention that although higher wave 
numbers are not producing any significant change in trends of maximum cable 
tension and pitch angle of the cylinder for these two particular arrangement; 
the time history patterns of these two parameters found to vary significantly 
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among themselves at higher values of wave numbers (Figure 6.16) which 
might be phenomenal during the offshore installation process in real life. 
 
Figure 6.16 Time history of cable tension and pitching angle at ω = 2.5 (kr = 
1.0) for various cases. 
 
 
6.2.4 Influence of spacing between the barge and submerged 
cylinder 
 
In this section, the influence of lateral gap between the barge and submerged 
cylinder on cylinder response and wave elevation is studied. Here, all the 
parameters are kept similar to pervious section, except the following two 
parameters - the wave maker frequency, which is kept constant at 2.0 and the 
spacing between the barge and cylinder. Several analyses are performed in 
head sea configuration considering different spacing between the barge and 
cylinder in each situation. Figure 6.17 below depicts the wave run-ups on 
barge wall near the submerged cylinder side obtained for three different gap 
arrangements at t = 13.6T. As can be seen, the run-up becomes slightly higher 
with the decrease of spacing, which is expected as the cylinder is becoming 
nearer to the barge. It is also clear that this change in run-up happens near the 
middle of the barge, which is also justifiable as the cylinder oscillates about 
the y axis and starts its oscillation from x = 0.0 position.  
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Figure 6.17 Wave elevation along the barge side for various spacing, t =13.6T. 
 
Figure 6.18 shows the variation in cylinder motion due to the influence of 
different spacing between the barge and cylinder. As noticed, the cylinder 
pitch slightly increases as the gap increases. When the gap is small, the 
cylinder is quite near to the barge and might not be under the full influence of 
incoming waves as part of waves is scattered by the barge before reaching the 
submerged cylinder. However, from both of these two figures it is clear that 
the influence of gap is not quite remarkable at this head sea configuration. The 
reason behind might be that, the cylinder here is small compared to the barge 
and it is fully submerged as well; hence no resonance similar to the ‘gap 
between two barges’ situation is expected/experienced in this situation. 
 
Figure 6.18 Variation in cylinder pitching with the change of spacing 
 
6.3 Submerged payload subjected to constant downward 
velocity 
The final section of this study investigates the behaviour of a cylindrical 
payload placed near to a floating barge and subjected to the coupled influence 
of wave action and downward motion of the rigid cable to which it is attached 
with. This simulation can be correlated with the real life phenomenon of 
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lowering the payload of an offshore crane vessel through the waves. In order 
to understand the influence of the barge on the submerged payload, the 
moment, rope tension and angular displacement of the cylinder are studied and 
compared with single cylinder cases. A comparatively longer cable length (cbl 
= 0.8d) is chosen to study the present situation, and the cylinder in this case is 
initially placed at 0.15d below the undisturbed free surface. At the very 
beginning of the simulation period, a considerable amount of resting periods 
are given before setting the cylinder to downward motion in order to allow the 
wave to reach the combined floating barge and submerged cylinder 
arrangement. It was found that t = 5.5T is quite sufficient time as resting 
period and the cylinder is set to a constant downward motion after that. Also, 
the wave maker motion frequency is kept constant at 2.0 throughout the 
analysis of this study, except the Section 6.3.3. 
Moreover, among the four different arrangements considered in previous 
subsections only ‘the single cylinder’ and ‘head sea’ configurations are 
investigated here. Because as already found in Section 6.2.1 - 6.2.3, the results 
for beam sea upstream case varies significantly which might not be ideal for 
installation process and cylinder responses in beam sea downstream case are 
nearly zero in most of the situations, thus not much interesting either for 
further study.  
 
6.3.1 Changing the wave maker motion amplitude 
 
In this section the influence of changing wave maker motion amplitude on 
payload behaviour is studied while the cylinder goes downward with a 
constant downward velocity of mod = 0.02d. Here, mod represents the 
constant velocity of downward movement and its unit is set as distance per 
wave period. Figure 6.19 represents the output obtained for various motion 
amplitudes in the form of time histories for the angular displacement, rope 
tension and moment respectively for the head sea case. As expected, all the 
parameters decrease in time as the cylinder moves towards the sea bed, 
because the wave energy is mostly concentrated on the free water surface. 
Chapter 6                          Analysis of moving payload in the vicinity of floating barge 
168 
 











  a= 0.005
  a= 0.01
  a= 0.02

































However, the decreasing trends of moment and rope tension are more regular 
and rather pronounced compared to the decrease in angular displacement. The 
angular motions as already investigated in earlier sections, contain low 
frequency components and the influence of these slow varying components 
seem to become more pronounced with the increase of motion amplitude of 
wave maker. However, all angular motions seem to become identical 
irrespective of wave maker motion amplitude around after 16.5 wave periods 
as the payload went down around 11 × .02d = 0.22d below its original 
position. Although, moment and rope tension appears to be identical since the 





Figure 6.19 Variation of payload’s angular motion, cable tension and moment 
along the time as the cylinder moves downward at various motion 
amplitude of wave maker: mod = 0.02d 
 





















































Figure 6.20 also reflects the above conclusion where the trend in variation of 
averaged maximum moment, cable tension and cylinder motion obtained over 
last 5 simulation period are plotted against wave maker motion amplitude for 











Figure 6.20 Trend of variation of moment, rope tension and pitching motion 
with respect to wave maker motion amplitude for single cylinder and 
head sea cases: mod = 0.02d 
 
In this figure, it is also observed that single cylinder case produces higher 
responses compared to the head sea case. This means presence of barge in 
head sea reduces the moment, rope tension and cylinder motion at greater 
depth. This might be explained as follows: when wave hits the floating barge, 
the wave energy get scattered around it and while the submerged cylinder is 
near the free surface it receives significant impact from this influence (as seen 
in earlier sections of this chapter). However, when the submerged cylinder is 
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sufficiently below the free surface (as it is moving down in this study) its 
velocity might become smaller due to the stagnation effect compared to the 
single cylinder situation. Hence, the single submerged cylinder in domain 
receives more wave influence at greater depth from this regular wave 
compared to the submerged cylinder with barge in head sea. 
 
6.3.2 Influence of various moving downward speed 
 
Several cases have been simulated under this section for both the single 
cylinder and head sea configurations considering different mod of the cylinder 
motion and keeping wave maker motion amplitude constant at 0.015. The 













Figure 6.21 Peak analysis (both positive and negative) for moment and cable 
tension due to different downward velocities of the cylinder at head sea: 
cbl = 0.8d, ω = 2.0, a = 0.015  
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Figure 6.21 illustrates the time history of the moment and rope tension for 
head sea scenarios, highlighting the peaks (both negative and positive) only. 
The decreases in values with time for both of the parameters are clearly visible 
here; especially with higher mod the decrease is more pronounced. This 
response is reasonable and acceptable as within a certain time the cylinder 
with the higher mod moves towards a deeper position compared to other 
cylinders with lower speed. It is also noticeable that the rate of decrease for 
cable tension is slightly higher at the beginning (that means when the cylinder 
is comparatively nearer to the free surface) and seems to degrade as well as 












Figure 6.22 Real time cylinder positioning under water for cylinder only and 
head sea scenarios: cbl = 0.8d, ω = 2.0, a = 0.015, mod = 0.02 
 
Figure 6.22 shows the motion trajectory of the cylinder as it goes downwards 
in time. As expected, the motion amplitude reduces in time as the cylinder 
moves towards deeper position. The draft in this figure represents the 
underwater vertical location of cylinder top surface from the free surface level. 
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It is noticed that cylinder motion near the free surface for head sea produce 
more drift compared to the single cylinder case, although when the cylinder 
went below around 0.37d, the opposite seems to happen. Besides, noticeable 











Figure 6.23 Changes in moment, rope tension and cylidner pitch angle  with 
respect to various moving downward speeds for cylinder only and head 
sea scenarios 
 
Figure 6.23 summarizes the overall trend in the variation of maximum 
moment, angular displacement and rope tension with respect to the change of 
downward moving velocity (obtained over last 5 periods). As noticed, all of 
these parameters decrease with the increase of downward velocity of the 
cylindrical payload and the rate of decrease is fairly similar for both the head 
sea and single cylinder cases. However, it seems that fall of cable tension and 
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moment (both around 45%) are more prominent compared to that of pitch 
angle (32%) in head sea situation. It is also evident that, the presence of barge 
in head sea reduces the value of all the responses compared to the single 
cylinder situation.  
 
6.3.3 Payload moving downward under various wave frequencies 
 
The final section of this chapter investigates the behaviour of submerged 
payload under the action of different frequencies of wave maker motion while 
the motion amplitude of wave maker and downward movement speed of the 
cylinder are kept constant at 0.015 and 0.02 respectively. 
 
Figure 6.24 Time history of payload’s angular motion, cable tension and 
moment the cylinder moves downward under the influence of various 
incident wave frequency: mod = 0.02d, a = 0.015 
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Figure 6.24 shows the time history of moment, rope tension and payload 
motion for head sea case at three different motion frequencies of wave maker. 
The overall reduction patterns of these three parameters seem to follow similar 
trend with previous two subsections. However, both the moment and tension 
seems to increase at mid frequency region and again decrease at higher 
incident wave frequency. The angular motion though seems to produce larger 
low frequency components with the rise of incident wave frequencies, yet 
creates lower movement in terms of overall maximum offset. Besides, slight 
phase changes are also observed among the time histories in all three outputs 
which are expected because of the frequency variations. 
It is also interesting to observe that unlike the previous subsections the trend 
of variation for moment, rope tension and pitch motion between head sea and 













Figure 6.25 Influence of wave maker motion frequency on moment, rope 
tension and pitching motion variation trend for single cylinder and head 
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Although the single cylinder case still produces the higher responses however, 
with the increase of incident wave frequency the rate of reduction for moment, 
rope tension and angle in this case is much higher compared to the head sea 
scenario. In fact the moment in case of head sea scenario remains fairly 
constant until the midrange frequency and rope tension increases slightly at 








Figure 6.26 Snapshots of floating barge and underwater cylindrical payload 
attached to a rigid cable without downwards motion at different time 
instants (beam sea upstream condition): a =0.015,  = 2.0, cbl =0.8. (a) t 
= 0T. (b) t = 26.0T. (c) t = 26.5T. (d) t = 27.0T 
 
Finally, to conclude the study of this chapter some snapshots of the numerical 
wave tank simulating the fully submerged vertical cylinder attached to the 
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action are presented in Figure 6.26 for illustration purpose. The incident of gap 
reduction between the barge and submerged cylinder which is already 




A numerical model has been developed to investigate the influence of floating 
crane barge on its fully submerged payload, while the payload is allowed to 
have constrained motions under various environmental situations.  
Parametric studies are performed to understand the characteristics of this 
hanging cylindrical payload within the vicinity of the floating barge. It is 
found that, generally the moment acting on the cylinder increases with the 
increase of cable length irrespective of the various scenarios considered. 
However, phenomenal influence of shielding is observed in cable tension and 
angular motion of the payload in terms of slow varying low frequency 
responses for head sea and both of the beam sea scenarios. Besides, the 
payload in upstream beam sea case found to be facing a very large mean drift 
motion which arises because of the shielding effect as well.  
It is also found that with the change of incident wave frequency the moment, 
rope tension and angular displacement seem to decrease as the frequency rises, 
except beam sea upstream situation which initially creates gradual increase in 
responses with the increase of frequencies due to the addition of large mean 
drift components in the response. In addition, time history patterns for payload 
angular motion in head sea and beam sea downstream cases appears to vary 
significantly at higher frequencies because of the presence of several low 
frequency components in it which might be of practical interest during 
offshore installation process. 
Apart from the above parametric studies where the payload are not allowed to 
move downward, studies are also performed to investigate the behaviour of 
cylindrical payload when it is lowered towards the seabed at constant velocity. 
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During this process, all the hydrodynamic parameters found to be decrease in 
time as the cylinder moves towards the sea bed irrespective of various 
parametric changes considered. It is also observed that the presence of barge 
in head sea reduces the moment, cable tension and payload movement 
significantly when the cylinder went down sufficiently below the free surface 
compared to the single cylinder case at similar situation. Besides the influence 
of low frequency motion is also found to be exists even at considerable water 
depth. However, the slow varying response in moment and rope tension is not 
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Chapter 7: Conclusions and recommendations 
 
This final chapter of the thesis concludes the study by highlighting some key 
aspects from the foregoing chapters and proposes some recommendations for 
future research studies based on the present findings.  
 
7.1 Concluding remarks 
The main objective of this study was to numerically investigate and predict the 
hydrodynamic behavior of the submerged payload and crane barge in fully 
nonlinear wave condition under various perspectives. 
To achieve the research objective, the first scope of the work was to improve 
an existing numerical model to study the nonlinear wave radiation problem of 
fully submerged truncated vertical bodies (Chapter 3). After developing, the 
capability of present model is validated by some comparison studies made 
with existing results from literature. Wave radiation by a fully submerged 
vertical truncated cylinder undergoing forced heave, surge and combined 
heave-surge motions is then analysed and brief parametric study is performed 
to determine the effect of motion amplitudes and frequencies over the 
hydrodynamic parameters of interest. If was found that, with the increase of 
amplitudes, the combined motion significantly affects both the vertical and 
horizontal hydrodynamic forces acting on the submerged cylinder and the 
nonlinearity arises during combined motion found to be governed by heave 
amplitude. The horizontal force is reduced by around 10% during combined 
motion compared to pure surge motion (Figure 3.15a), at highest motion 
amplitude considered in present study. In addition, combining pitching motion 
with heave found to generate a large non-zero positive mean in vertical 
dynamic force and pitch amplitude of only 3 degree seems to doubles the 
maximum force amplitude compared to that in pure heave motion (Figure 
3.23). 
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After performing the above analysis, the numerical model was extended to 
simulate the wave interaction with a submerged payload which is connected to 
a cable from the top and is subjected to constrained pendulum like motion 
under wave action (Chapter 4); this was the second scope of the study. The 
effect of cable length, wave maker motion amplitude and frequency and 
downward moving speed of the payload on its behaviour are extensively 
studied. As observed, variation of cable length does not produce noticeable 
impact on the horizontal displacement of the cylinder. However, a significant 
increase in moment due to the increase of cable length is noticed. Beside this, 
it is also found that the moment, cable tension and angular displacement of the 
cylinder decrease with the rise of wave maker motion frequency. It is further 
noticed that all of these parameters also decreases gradually when the 
downward moving speed of the cylinder increases.  
The next scope of the current research study was to couple the submerged 
payload problem with floating barge to understand the hydrodynamics of the 
system in various environmental conditions. Initially, a fixed floating barge 
and a submerged fixed cylinder was placed side by side and studied under 
various scenarios (Chapter 5). With the rise of wave maker motion amplitude, 
the existence of the submerged cylinder found to significantly reduces the 
large mean of horizontal force acting on floating barge in head sea 
configurations. The nonlinear force components on contrary, which appears to 
be very small and weakly nonlinear, seems to increases with the increase of 
motion amplitude in presence of submerged cylinder and becomes more than 4 
times larger than that of usual values at ka = 0.08 (Figure 5.14). Both the 
horizontal and vertical dynamic forces acting on the submerged cylinder on 
the other hand, increases noticeably especially for the case of cylinder 
placement in beam sea upstream side. The dependence on wave maker motion 
frequency of hydrodynamic forces is also studied comprehensively. The 
results show that a fully submerged cylinder placed at the upstream side of a 
barge in beam sea observes significant amount of nonlinearities in the wave 
forces acting upon it as compared to any other locations. Therefore, the 
effective orientation of floating structure and near surface submerged bodies 
needs to be strategically determined to serve the desired purpose. 
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Finally, the fixed cylinder was allowed to move within the coupled system 
described above, and both the pendulum like angular motion as well as 
moving downward motion with a constant velocity was considered (Chapter 
6). Extensive study was performed to predict payload movement, maximum 
expected tensions on cable and forces acting upon the barge and payload 
during installation operation. It is found that, generally the moment acting on 
the cylinder increases with the increase of cable length irrespective of the 
various scenarios considered. However, phenomenal influence of shielding is 
observed in cable tension and angular motion of the payload in terms of slow 
varying low frequency responses, which appears as a harmonic at 1/10
th
 of 
wave maker frequency, for head sea and both of the beam sea scenarios. 
Besides, the payload in upstream beam sea case found to be facing a very 
large mean drift motion, nearly 7 times larger than 1
st
 harmonic motion 
amplitude for incident wave frequency (Figure 6.8), which arises because of 
the shielding effect as well. It is further found at higher frequencies that, the 
time history patterns for payload angular motion in head sea and beam sea 
downstream cases vary significantly compared to responses at lower motion 
frequency because of the presence of several low frequency components in it 
which might be of practical interest during offshore installation process.  
Apart from these parametric studies where the payload is not allowed to move 
downward, studies are also performed to investigate the behaviour of 
cylindrical payload when it is lowered towards the seabed at constant velocity. 
During this process, all the hydrodynamic parameters found to be decrease in 
time as the cylinder moves towards the sea bed irrespective of various 
parametric changes considered. It is also observed that the presence of barge 
in head sea reduces the moment, cable tension and payload movement 
significantly when the cylinder went down sufficiently below the free surface 
compared to the single cylinder case at similar situation. Besides the influence 
of low frequency motion is also found to exist even at considerable water 
depth. However, the slow varying response in moment and rope tension is not 
observed while the cylinder starts to move towards the seabed. 
In sum, it is expected that the results of present study will contribute to 
existing literature and will help to understand the hydrodynamic behaviour of 
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submerged structure subjected to constrained movement (alone or near to 
other floating bodies). It can also provide valuable guidance to determine the 
minimum gap between the barge and payload during an offshore installation 
process, and will help to design active damping devices for reducing the 
unexpected movement of the payload in waves by controlling its motion. 
 
7.2 Recommendations for future work 
This thesis provides understanding on the behavior of a fully submerged 
hanging payload subjected to pendulum motion in vicinity of a floating barge. 
The hydrodynamic forces acting on the fixed barge and moving cylinder, the 
tension of the cable between the barge and payload as well as the moment and 
underwater motion of the payload are calculated in order to assess the 
interaction. However, parameters those are certainly of interest for practical 
operation, for example 6 degree of freedom (dof) to the barge and mooring 
line forces, are not studied as a matter of primary concern within the present 
context and thus more of topics for further research. 
Although, considering a fixed barge with submerged payload in pitch motion 
provides reasonable outputs, as the barge here is assumed to be moored and 
has relatively small motion. Nevertheless, taking into account of the 
movement of barge along with mooring lines may provide some more 
interesting results due to the induced radiation effects. In addition, considering 
more complex situations for the payload (for example, payload is connected to 
a real cable instead of a rigid rod (taking in to account of the cable dynamics) 
and beside its movement about the cable origin point at the crane, the payload 
is also allowed to move around its own hanging point from the cable) will help 
to understand its behavior from more realistic point of view which in turn will 
assist in designing active motion control mechanism for payload. 
Devising the method and/or devices to control (influence) the motion of the 
heavy payload will be an effective way of increasing the operation efficiency 
of the floating crane. Further investigations need to be carried out in order to 
understand how to actively influence the motion of the crane barge and 
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submerged payload. One way of influencing the dynamics is to change the 
Eigen frequencies of the system by suitable changes in the construction, which 
might be complicated and not a feasible option in all situations. Another way 
of influencing the motion is to add passive, semi-active, or active elements to 
reduce the energy stored in the system in order to avoid undesired dynamical 
behavior. However, detail study is required to find the desired solution in this 
situation. Also, before performing this type of study it is necessary to consider 
the influence of drag forces on suspended payload and cable system, as drag 
might generate significant impact on forces acting in this situation. 
Besides, various orientations of barge and cylinder positioning as well as 
different shapes of payload should be exploited with respect to different 
environmental conditions. Because, it is found in present study that behavior 
of both the submerged cylinder and floating barge varies significantly among 
the different orientations. Hence, further works are needed on selecting the 
accurate heading angle for barge and position of payload near it, to obtain 
optimum response for practical implications. 
Another important aspect to consider in future research might be the effect of 
current forces towards swinging/ swaying motion as well as the drift forces of 
the payload. The effect of current could be quite significant for such a 
submerged installation problem especially in deep and harsh sea environment. 
Furthermore, developing framework for stochastic hydrodynamic analysis of 
the offshore crane barge and its submerged payload system might be an 
interesting research as well. Multidirectional irregular waves defined through a 
directional wave spectrum can be considered to develop such framework. 
To conclude, in fact needless to say, the research presented in this thesis is 
carried out numerically. Although, numerical analysis now a days are capable 
of providing fairly accurate results. However, experimental investigations are 
necessary especially to validate the studies similar to present analysis, as these 
types of activities involve greater risks of both human life and asset loss. 
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